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ABSTRACT
The problems concerning the development of show caves are here considered by taking into
account different aspects of the problem.
A procedure to carry out an Environmental Impact Assessment (EIA) has been established in
the last decade and it is now currently applied. Such an assessment starts with a pre-opera-
tional phase to obtain sufficient information on the undisturbed status of a cave to be devel-
oped into a show cave.
Successively a programme for its development is established with the scope to optimise the
intervention on the cave at the condition that its basic environmental parameters are not irre-
versibly modified. The last phase of the assessment is focussed to assure a feedback through
a monitoring network in order to detect any unforeseen difference or anomaly between the pro-
ject and the effective situation achieved after the cave development.
Some data on some of the most important show caves in the world are reported and a tenta-
tive evaluation of the economy in connection with the show caves business is eventually made.
Introduction
Nearly twenty years ago, two great experts of cave management, Russell and Jeanne
Gurnee (1981), wrote: "The successful development and operation of a tourist cave
depends on a combination of factors, including
1) Scientific investigation
2) Art
3) Technology
4) Management
Scientific study is recommended at the beginning of the first phase in order to deter-
mine what hydrologic and geologic factors may have an influence on the develop-
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ment. Art is necessary both in determining the routing of trails and selecting partic-
ular cave scenes to feature and in lighting - which is in itself a combination of both
art and the next factor, technology. The technology necessary to control water and
other natural forces within the cave and to design suitable trails again combines with
art to create a tasteful and agreeable cave tour. Management continues from the time
the first plans are laid through the developed or operational phase.
The four factors listed above apply both to the development of private caves and pub-
lic or government lands. Often, because of limited financial resources of a private
owner, one or more of these factors is not considered and poor development and lack
of financial success may result. Failure of a cave to succeed either through the devel-
opment phase or after, when the cave is open to the public, can lead to an unprotect-
ed area which has been advertised and known to the public and thus subject to van-
dalism.
In order to ensure that a cave has the highest chance of success as a tourist endeav-
our, a comprehensive study and evaluation should be made before investment. A cave
study provides a "blueprint" which investors, technical people, workmen, exhibitors
and administrators can follow to bring about a successful cave operation. The study
plan is coodinated by management in order to bring about a procedure which will
result in the display of the cave.
With a detailed study and price prospectus at the time the development is originally
proposed, a cave can be developed less expensively, more effectively and in less
time.
Technological advances in the past fifty years in lighting, communications, trans-
portation, marketing techniques, and almost every phase of cavern development,
make it important to find the most efficient ways to complete the project. Every cave
must be looked at from the position of the businessman, artist, engineer, speleologist
and conservationist. The modification of a natural cave to permit easy visitation of
the public requires all of these viewpoints. Balance among these views, through deci-
sions made before beginning the venture, will assure a sound development.
Speleological associations which bring together those caves being considered for
tourism will be of great service not only to the group developing a cave, but also in
preserving the cave as nearly as possible to its natural state."
It would be really rather difficult to have a better description of the procedure to
adopt for the development of a tourist cave.
Preliminary evaluation for the development of a show cave
In addition to the Environmental Impact Assessment, the procedures devised and
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implemented in the planning phase commonly include those that can quantify certain
parameters (topographical, social and economic) used to predict tourist flows. Some
of these methodological procedures, well known and successfully applied in the geo-
graphic-economic field, tend not to be employed in the development of show caves
because of some lack of knowledge.
The topic is included in many models of tourism development, which contain useful
references (Miossec, 1976, 1977; Butler, 1980; Hovinen, 1981; Brownlie, 1985;
Cooper, 1989). The analyses carried out by Miossec should be particularly under-
lined, since they tend to determine the structural evolution of tourism zones in space
and time. In this context, four basic elements are taken into account:
I) Tourism localities;
2) Transport network;
3) Behaviour of tourists;
4) Attitudes of local authorities and the general population.
Indeed, expansion of the tourism industry inevitably involves development of the
tourism localities and transport network, understood both as roadways and public
transport systems. This industry tends to become more and more complex and diver-
sified in terms of what is offered. Therefore, tourists become increasingly aware of
the possibilities that the site, and its surrounding area, can offer, and consequently
their behaviour changes. The change in local attitudes can ensure that tourism is
totally accepted, thus leading to the adoption of short- and long-term planning
schemes; however, it can also lead to the rejection of tourism, and such cases have
been reported in the literature. It is evident that the evolution of tourism spaces (and
in this case the scale can range from a microregion to a large geographical area) fol-
lows a series of stages, outlined in Fig. I. It is necessary to specify that the territori-
al size of a microregion is similar to that of a single show cave and its surrounding
area; indeed this analysis deals exactly with this particular case:
Phase I) The recently discovered cave is visited by a few connoisseurs who general-
ly accept (and in some cases appreciate) the total lack of logistic support. The terri-
tory is crossed but not visited, and the general attitude of the local population and
political-administrative authorities is rather uncertain. Often the initiative and,
accordingly, the possibility or desire for investment is lacking.
Phase 2)The cave is fitted out by means of provisional interventions, with rather ele-
mentary management criteria. The local populations look on with doubtful curiosity
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or indifference, this attitude being explained by mistrust of the central authorities; the
first tourists have only a very general perception of the surrounding territory. Often
the importance of the cave is overestimated with respect to expectations, which
almost always refer to enduring conditions of high interest, and this causes a loss of
interest by both the tourist and the few people involved in management, with conse-
quent abandonment of the completed infrastructure.
C 0- C ?;- c 0.9 ::> 0 'C .9 .5
E 1:: E .a co 1lJS c.. .. c0 CI) .2 :::E "" 00. 0 S>< > CI)Ul 0
Fig. / - Life cycle of a tourism area (from Cavallaro & Pipino,/99/; modified)
Exploration: a small group of adventurous tourists that reject institutionalised vacations. The areas
are rather intact environmentally. Low impact on the local lifestyle.
Start-up: initial formation of a tourism area, with local people who organise the project. There is
pressure on the public sector for funding.
Development: considerable tourist flows, outnumbering the residents in the busiest period. Local
initiatives cannot control the tourism. The quality decreases on account of intense use of the struc-
tures and overcrowding.
Maturity: there is growth with decreasing marginal trends. The site is famous, but the tourist pres-
sure separates it from the surrounding environment.
Stagnation: the maximum number of tourists is achieved, with environmental, social and economic
problems.
Decline: the number of tourists decreases and the destination has an ever-smaller area of origin of
tourists. New structures may be introduced to revitalise the locality.
Phase 3) The early initiatives have shown that interest in the show cave can progress
and develop, with multiplication of the infrastructure. Other resources are involved
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(e.g. food products and local handicrafts), with greater employment of manpower,
essentially the seasonal type. The number of tourists increases and their perception
of the area improves. The local populations actively participate in the realisation and
management of reception and support structures.
Phase 4) In response to the increasing demand, a preliminary organisation of the ter-
ritory is carried out. Forms of specialisation and competition in management of the
tourist space appear. The local population perceives the difference between its eco-
nomic and social condition and that of the tourists and assumes imitative behaviours.
Feelings of cultural expropriation and the first forms of environmental degradation
inside the cave, and in the surrounding territory, begin to appear.
Phase 5) The show cave is only the primary attraction and other poles of extremely
diversified interest and often (since they are artificial) with weak intercultural con-
nections are developed. The group of attractions is structured as a hierarchical pyra-
mid system. The structures and transport system are extremely efficient, with an
increasingly massive tourist flow, to the point where the type of urban space that was
once avoided is now recreated and the tourist perceives the environment as a "false"
attraction founded on fictitious natural models based on advertising messages. The
cave is reaching high levels of saturation and has been subjected to notable restruc-
turing and expansion of the route, with increased tourist flow and consequent seri-
ous, even irreversible, degradation. This is the most critical phase which if it becomes
chronic leads to the most serious damage, especially from the environmental point of
view.
There are many possible solutions that can be proposed in this sector, mainly con-
cerning non-traumatic revitalisation of tourist circuits with saturation of interest
(Burri & Cigna, 1991).
As mentioned, the models dealt with here have been devised and tested in situations
different from those of a show cave and thus their application may involve problems
of adaptability. However, if this happens it is certainly not because of lack of inher-
ent suitability of the model - indeed, these procedures are fairly well known and
applied in specific sectors (e.g. the classical seaside or mountain tourism sites) where
they have generated productive discussions - as much as the absolute lack of specif-
ic case studies like those of show caves. This is due to a series of not easily resolved
problems, including, paradoxically, the unavailability of data concerning the true
magnitude of visitor flows, especially for show caves of local interest.
In this regard, however, it is necessary to consider a fundamental concept, i.e. the vis-
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itor capacity as a limiting factor. In the next paragraph the procedures to determine
this parameter, which remains propaedeutic for any other planning initiative are
described. If the values of this parameter predict a rather low limit for frequentation,
any intervention would be useless since the costs of installation and management can
never be recuperated or amortised, nor can management produce profits. However,
in the history of tourist exploitation of some Italian caves (especially in the recent
past, when the use of these procedures was already known), almost all the basic
structures (tour pathways, lighting systems, services) have been established indepen-
dently of their prospects for economic profit and with the financial intervention of
the central government.
This type of initiative, common in other European and non-European countries, is
similar to the incentives provided for enterprises using private or mixed (public/pri-
vate) capital. In fact, public intervention is normally limited to substantial funding
(up to 100%) for the realisation of basic and infrastructural works; the management
is left to local enterprises, often with the creation of "management consortiums" with
mixed capital that also involves local administrations (Municipalities, Provinces,
Mountain Communities, etc.). It is clear that the limiting factor, the visitor capacity,
which has not been considered in calculation of the amortisation of non-repayable
financing, will nevertheless have to be considered in relation to the estimated costs
of management and maintenance of installations subject to natural wear and tear.
Caves, which have a very low receptive capacity, are areas with high environmental
risk and thus not very suitable for mass tourism. The only possible alternative in this
case is to equip the caves with routes that can be fairly easily realised and maintained
- for example, excursion-type guided visits, with internal routes lacking illumination
and with a low environmental and economic "burden" (Burri & Forti, 1995).
Possible funding aimed at revitalising the local economy can be diverted to other sec-
tors of environmental interest worthy of development and with less risk of degrada-
tion.
The visitors' capacity of a tourist cave
The concept of an environmental capacity has been accepted for years. It has been
used for the management of low-level radioactive wastes (Amavis et aI., 1974) and
in range management in the United States (called carrying capacity) (Huppert et aI.,
1993).
Aley (1976), Brucker (1976), Van Cleave (1976), Forssell (1977), and Middaugh
(1977) have extensively discussed the concept of 'visitors carrying capacity' as
applied to caves in the literature. Van Cleave (1976) showed that there must be a
commitment to cave and karst protection in both desire and money in order for the
concept to work. Middaugh (1977) cautioned that carrying capacity is not the calcu-
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lation of a number but rather, it is the definition of a problem, the definition of objec-
tives to solve that problem, and the implementation of proper management to solve
the problem, At this time, most of the well-known tourist caves in the world were
undoubtedly operated at levels well above any reasonable or environmentally
derived carrying capacity,
Cigna (1989, 1990) expanded on this concept with respect to caves as follows:
"Visitors capacity can be defined as the maximum number of visitors acceptable in a
time unit under defined conditions which does not imply a permanent modification
of a relevant parameter." This definition is based on the following assumptions:
I, Natural fluctuations of environmental parameters are considered safe for the
integrity of the environment itself. This concept implies that abnormal (and unusual)
phenomena are excluded. For example, a volcanic eruption may be the cause of a nat-
ural fluctuation, which could destroy a cave, Therefore the range of natural fluctua-
tions must be limited within the extreme values that do not result in irreversible
effects on a short-term basis.
2. If the number of visitors in a cave per unit time is gradually increased, one envi-
ronmental parameter will exceed the range of its natural fluctuation prior to other
parameters. Such a parameter can be defined as a critical factor. The term 'critical'
need not imply any idea of danger. It describes a factor, which enables managers to
make decisions on levels of protection for the cave environment.
3. The visitor capacity corresponds to the maximum flow of tourists through the cave
that changes the critical factor to the limit of its natural fluctuations.
4. The classification of environmental parameters into major and minor parameters
is rather arbitrary. If air temperature, carbon dioxide concentration, and water quali-
ty are classified as major parameters, the appropriate c1assitication of the other para-
meters may require detailed study. The significance of the other parameters may vary
widely among caves.
The establishment of the maximum number of visitors is difficult and may well be
impossible in some cases. Sometimes these numbers have been used to satisfy man-
agement objectives by those who, unfortunately, may put a higher priority on mov-
ing people (and therefore increasing revenue) than on protecting the karst.
Aley (1976) described another important problem in caves, which can actually
become exacerbated by the use of carrying capacity numbers as a management tech-
nique. He correctly argued that most show caves have abundant non-renewable
resources in their speleothems display. Once damaged, these resources cannot be
replaced, at least not in human lifetimes. A cave with one or more highly decorated
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passages could require a low carrying capacity if the decorations are within human
reach of the trail, or within the sphere of influence of human-induced changes that
adversely affect the speleothems. As damage is incurred and speleothems are
removed, broken, defaced, or tainted, then the passage becomes less pristine. At that
point, it can be argued that the carrying capacity has risen because fewer speleothems
now remain to be damaged and the quality of the experience has been denegated.
This is contrary to the entire concept of carrying capacity, which dictates that use lev-
els should decline as the resource declines. This is a phenomenon often ignored by
cave managers. However, if the goal is to maintain any specific show cave in a pris-
tine or near-pristine condition, a realistic number of visitors must be determined and
applied as a management criterion. To do this with any level of confidence, a thor-
ough study of each cave's features, ecosystem parameters, and hydrology must be
made. This is undoubtedly a difficult task, given the budget constraints of some show
caves, whether managed by some level of government or by the private sector. In the
long run, however, this may be the most cost-effective alternative, in order to sustain
the tourist-derived revenue from the cave, concomitant with sustaining its ecological
and aesthetic integrity.
The concept of carrying capacity was also questioned, as it is applied to general
recreational use. Hammitt and Cole (1987) felt that strict use of the concept in the
recreational setting does not work well for two reasons. First, the impacts of recre-
ational uses differ greatly from those of range animals (for which, according to the
authors, the concept was originally designed to control). Second, they argued that the
concept ignores the impact on the visitor's aesthetic experience; i.e., the social car-
rying capacity (defined as how people feel about the quality of the experience) must
also be measured. However, this can vary greatly among individuals. While it may
be possible to subdivide surface reserves to accommodate the tastes of the various
users (e.g., from high impact use such as off-road vehicle areas to near-pristine
wilderness), similar possibilities are quite limited in show caves. Unfortunately, the
authors know of no study that applies this concept to the cave environment in a quan-
titative method.
Some years ago, Heaton (1986) reviewed the concept of energy levels as applied to
caves. He classified caves into one of three categories: high-energy, moderate-ener-
gy, and low-energy levels. High-energy caves experience high-energy events on a
regular basis. An example would be those caves that undergo periodic flooding. The
strongest forces normally encountered by moderate-energy caves are orders of mag-
nitude lower than those associated with high-energy caves. The most significant
forces may be running water, persistent wind, or even the activities of animals. Low-
energy caves are again orders of magnitude smaller. Often in these caves the highest
energy event may be a falling drop of water.
According to this classification, high-energy passages will be minimally affected by
tourist activities because such passages will be rearranged by rockfall or flooding
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within a year. In moderate-energy passages, which often have the most abundant dis-
plays of speleothems, the presence of visitors may have a more lasting effect. During
short periods of time the energy released by tourists can be of the same order of mag-
nitude as that released by natural processes which normally operate in those caves.
This could lead to irreversible damage.
A visit to a low-energy cave may have more serious implications because in a very
short time interval more energy could be released than it had experienced in perhaps
a thousand years. The damage caused by one group of visitors may be profound and
the speleothems may quickly be destroyed. It is the authors' experience that most tour
caves are found to be in the low to moderate energy range, due to the difficulty and
great cost of developing and maintaining high energy tour caves.
The field situation is far-more complex than the simplified examples of energy lev-
els given above. A single cave may exhibit examples of all three energy levels when
different sections of a given cave are considered. Because, in principle, tourist trails
may cross all three energy levels, each area should be regarded separately in a coher-
ent overall management plan. Devising and implementing such a plan would
undoubtedly be a complicated and expensive process.
The use of a visitor carrying capacity model could be modified to 'fit' certain caves
that have unique resources. For example, those caves with rare and generally irre-
placeable cultural, biological, and/or speleothem resources and which are easily
destroyed merely by the presence of visitors should be managed in a very restrictive
manner. Caves in this category would be few and considered national or internation-
al treasures. Two examples are Lechuguilla Cave in the U.S.A. and Lascaux in
France.
Another category could be those caves with rare and significant ecological resources
that could be sustained even with visitation, providing they have adequate manage-
ment. An example would be the glow-worm resource in Waitomo Glow-worm Cave
in New Zealand. The last category would be those caves with minimal cultural, eco-
logical or speleothem resources. This type of classification is already being carried
out in many of the undeveloped caves on federal government managed land in the
United States.
In many cases, caves with significant resources require permits to enter and limits are
put on party size; also, visitation may be restricted to a particular time of year and
there may be limits as to where one can travel in the cave. These management tech-
niques help control and direct traffic to minimise damage. They also restrict most
damage to heavily travelled routes and create a distance-decay relationship of
impacts as distance from the trail increases. This relationship generally applies to
large show caves where the tourist route is only a small fraction of the entire cave.
Applying the concept of visitor carrying capacity to a tourist cave to set a maximum
number of visitors is a difficult, however compelling, exercise. It should be under-
taken after fully assessing all of the environmental data collected. In some cases, the
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most difficult task will be to have the political courage to resist pressure to allow
excessive visitation for the sake of efficiency or tourist revenue.
The sources of disturbance to the cave environment
The different sources of disturbance, which may modify the natural equilibrium of
the cave environment, are here considered and their quantitative influence evaluat-
ed (Cigna & Forti, 1989; 1990; Cigna et aI., 2000).
The effects of lighting.
The lighting system in a cave will contribute a certain amount of heat. If it is not
compatible with the global energy budget of the cave, the inside temperature will
increase and reach stationary values higher than the natural ones. Of course it is nec-
essary to consider separately the contribution of each possible source (lighting, visi-
tors, other heat sources) in order to consider it in the frame of the cave capacity to
accept such contribution without not-reversible consequences.
In the vicinity of the light sources the effects may be both physical (thermal) and bio-
logical. When lamps are not "hight efficiency" lamps, the thermal effect can be very
important. E.g. in Castellana Caves, South Italy, the temperature of a rock wall at 50
cm from a I kW lamp increased in a few seconds from 15°C to more than 25°C while
the relative humidity decreased from 95-100% to 55-60% and a strong upward air
current was established. As a consequence of these effects (which are rather peculiar)
aragonite flower grew on a calcite stalagmite (Forti, 1980).
In the biological domain a rather widespread effect is the proliferation of algae and
mosses near the light sources. These organisms not only have an aesthetic negative
influence on the cave environment but can also set up a corrosion of speleothems by
biochemical processes. Incandescent lamps are still widely used and have an emis-
sion spectrum rather large covering many absorption bands typical of vegetal organ-
isms (Imprescia, 1983).
The effects of tourists.
The presence of visitors in a cave may imply different types of pollution: thermal,
chemical and biological. The calculation of the thermal pollution is not very easy
because the heat released by a person varies within a wide range as a consequence of
some environmental factors (air temperature, relative humidity) and some source-
related factors (size, velocity, dress, etc.).
Some field measurements carried on by Villar et al. (1984) in the Hall of Paintings
in the Altamira Cave (Spain) evaluated a heat release per person ranging between 82
and 116 Watts (I W= I J/sec). If a person is walking, the heat release can be assumed
to be about 170 Wand, therefore, the annual heat input, E (in J/sec) will be given by:
E = 170 • t • 3600 • N
where:
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t is the average visit time in hours
N is the total number of visitors in one year
II
To have an idea of the amount of heat released in an actual case, such a calculation
can be made for an important show cave. Assuming 500,000 visitors per year and an
average visit length of 1.5 hours, the total amount of heat released by visitors is
4.59-101\ J/sec (= 128 MWh) each year. Therefore the effects in a moderate-energy
cave can be very large.
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Fig. 2 - Upper diagram: air temperature measured in the cave of Remouchamps (Belgium)
after the transit (near the "Boudoir des Fees ") of a group of 87 tourists (black line) (from:
Merenne-Schoumaker, 1975). Lower diagram: air temperature measured in the cave of
Castellana (italy) after the transit (in the "Corridoio del deserto") of a group of 105 tourists
(black line) (from: Cigna, 1989).
The heat emitted by visitors raises the air temperature: in Fig. 2 two examples of this effect
are reported.
The recovery time after the tourists transit is some ten minlltes long.
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In the case of the Castellana Cave (Bari, Italy) the global heat input from visitors and
from the lighting system modified the thermal equilibrium of the cave. In an interval
of 22 years an increase of about 3°C of the indoor air temperature (Fig. 3) was mea-
sured (Mongelli, 1961; Forti & Cigna, 1983; Cigna, 1989).
20
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Fig. 3 - Distribution of air temperatures in the Castellana Cave (Bari. Italy). Measurements
made in 1958-60 (squares; Mongelli. 1961) and in 1982 (dots; Forti & Cigna. 1983) are
reported; an average increase of about 3°C is quite evident.
The chemical pollution originated by visitors is mainly due to the emission of carbon
dioxide; any increase of the carbon dioxide concentration may affect, in principle, the
chemical equilibria of the cave formations. Such effects are, of course, much more
important in low and moderate-energy caves. Villar et at. (1985) reported seasonal
variations of some chemical parameters (bicarbonates concentrations, dry residue
and pH) of percolating waters in Altamira Cave; however no permanent changes
were observed over a long period.
A model predicting the carbon dioxide variation in function of visitor-flow was
described by Villar et al. (1986). The carbon dioxide concentration is proportional to
the number of visitors and the time of their stay (for intervals < 1 hour) according to
the relation:
J1C(t)=
where: J1C(t) is the variation of the carbon dioxide concentration (ppm, vol) at time
N is the number of visitors
t is the time of stay of visitors (hours)
V is the volume of the cave hall (m3)
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In Altamira Cave the carbon dioxide concentration recovered to the original level
after 12 hours if groups of 6 persons were in the cave with a time of permanence from
20 minutes to 1 hour (i.e. L\C(t= 12) = 0). In other cases, as for the "Grotta Bianca"
in Castellana Cave, the recovery time is much longer with negative effects both on
comfort of visitors and, perhaps, the cave formations.
With reference to carbon dioxide is must be emphasised, nevertheless, that, in addi-
tion to a contribution from the visitors, a source due to some natural process has
already been envisaged (Castellani, 1988; Caumartin, 1993). Recent studies carried
out by the team of the Laboratoire Souterrain de Moulis (France) in a famous show
cave, the Aven d'Orgnac identified such a process. They found that the variation of
C02 concentration was inversely proportional to the variation of oxygen concentra-
tion. The isotopic analysis of carbon of C02 pointed out a biogenetic origin and the
ratio between the isotopes of helium were typical of the atmosphere and not of a deep
origin gas (Bourges et aI., 1998).
Therefore it was concluded that about 2000 kg of C02 were produced each day by
natural processes in that cave at the end of the Summer, against about 170 kg released
by tourists in the same time interval. It is evident that in that case the role of visitors
as source of C02 is less than 10% with respect to natural processes.
Such a situation is not peculiar to Aven d'Orgnac because in many other caves rele-
vant variations of C02 concentration were detected and their connection with the
tourists was sometimes difficult to explain.
The biological pollution contributed by the visitors is due to their "cloud" of spores
and bacteria. The consequence of the biological pollution seems to be not only the
growth of mosses and plants around lamps. According to an hypothesis recently
advanced by Cser & Gadoros (1988) some eccentrics could be originated by
aerosols; the increase of condensation nuclei due to spores and droplets in the breath
of visitors could reduce the concentration of aerosols responsible for the eccentrics
growth with an enhanced transformation of eccentrics into coralloid formations, as it
was observed in some commercial caves.
Finally, another form of pollution is introduced by tourists as lint (Michie, 1996).
Such a dust is composed of hairs, dry-flaking skin, and dust from shoes and lint from
clothing. In Carlsbad Cavern, USA, the average yearly rate of long-term lint accu-
mulation in the cave was estimated at 2 kg/year (Jablonsky, 1990). In Ngilgi Cave,
Western Australia, a deposition rate of 8.3.1 0-3~g m-2 d-I was measured (Michie,
1997). It is evident that this kind of pollution may result in a threat to show caves.
According to Michie (1997) if the use of the cave will cause dust deposition that
exceeds a threshold of 0.7% in a chosen time period then it should be considered to
protect the cave by constructing pathways that enable management of the dust prob-
lem.
Some protective measures against pollution effects.
As it was outlined above, in some caves, particularly in those with moderate-energy
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levels, the influence of visitors can play an important role in the global energy bal-
ance of the cave. Nevertheless there are some simple measures which could help to
reduce undesirable effects.
The use of "hight efficiency" lamps and, in any case, the positioning of lamps at
some distance from the cave walls would reduce the thermal pollution or, at least,
some local consequences (Caumartin, 1993). To keep the amount of input energy as
low as possible, the lighting system could be divided into many sections in order to
have as few lamps as possible lit up at the same time.
Concerning the visitors, their time of stay in the cave must be limited; such a result
can be achieved both by limiting their number and by a shortening of the visitors trail
(e.g. by opening an artificial entrance which, in principle, could halve the time of a
visit by the elimination of the return walk within the cave).
It must be emphasised that the opening of artificial entrances may result in important
changes of the cave microclimate by inducing airflows, which modify the natural air
circulation. Therefore it is imperative to provide an air lock in the artificial tunnel.
Such air locks are normally obtained by installing sliding doors operated automati-
cally by a photocell. This solution is expensive because it requires at least two or
three doors to avoid any airflow and may cause claustrophobia to some persons.
R. Gurnee (1990) suggested an elegant solution to the problem by the use of air-cur-
tains, which are usually mounted over entranceways of warehouses. An air-curtain
uses a "wall" of air recirculated by fans in a cross section of a passage. This system
has many advantages because it is completely invisible and non-obstructing to
tourists, it seals itself around people passing through it and reduces the infiltration of
dust and spores carried along by visitors.
A couple of air-curtains installed one after the other and operated alternatively every
other day assure their operating capacity so that, in case of a failure, one air-curtain
is surely available until the other one is fixed. In addition the risk of a failure is
reduced with respect to a mechanical door because the only part in movement is the
fan which is a rather robust and reliable apparatus.
This limitation of the time of visitation will provide not only a reduction of the input
of heat to the cave but also a reduction of the chemical pollution. In some special
cases, when the increase of C02 concentration is threatening speleothems and a lim-
ited cave environment is concerned (less than some hundreds of m3), a simple sys-
tem consisting of a fan filtering the air through an absorber (e.g. NaOH) could be
very successful.
Such a system could be fully automatic, being switched on by a sensor when the con-
centration of carbon dioxide in the atmosphere is higher than a predetermined level.
The absorber must be changed when exhausted and the wastes must be removed from
the cave to avoid any further pollution.
The growth of algae and mosses in proximity to light sources can be greatly reduced
or entirely avoided by the use of special vapour discharge lamps which have a light
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emission limited to some narrow bands not useful for the physiological processes of
plants (Imprescia, 1983).
The Environmental Impact Assessment (EIA) for caves.
In early 1970s the process of impact statements on the surface was proposed by J.
Gurnee (200 I) to be extended also to the underground. Land Use Planning for show
caves was therefore proposed when cave owners had not yet considered the creation
of a master plan for their land. As a result of their not preparing a master plan, a num-
ber of caves had made large parking facilities for visitors that prevented the percola-
tion of waters into the cave, preventing the process of speleothem formation and
growth below.
Now it is commonly known that the surface and underground are inexorably linked
and cave development must be planned with this in mind.
To ensure the best application of the criteria reported in the previous section and to
control the feedback to the cave environment from a tourist development, a proce-
dure to establish an Environment Impact Assessment (EIA) has been developed. In
fig. 4 the steps for such an assessment of a tourist cave are summarised.
If possible data collection of the main parameters of the cave climate should be col-
lected during one year (at least) before the start of any intervention on the cave. Such
a collection can be obtained either by spot measurements or by data loggers which
are presently rather inexpensive and assure a continuous monitoring without atten-
dance of personnel. In fact data can be discharged every few months, according to
the frequency of measurement.
Once an energy balance of the cave is obtained, the perturbation due to the cave
development (lighting, pathways, etc.) and visitors can be evaluated and compared
to the natural variation of the parameters taken into consideration. An optimisation
of the project is then set up on the basis of the constraints given by the protection of
the cave environment and the requirements of the commercial exploitation.
It is convenient to establish an ad hoc scientific committee in the early phase of the
cave development in order to insure the best implementation of the results of the
monitoring of the project. In addition such a scientific committee will play an impor-
tant role after the cave is open to tourists. In particular monitoring would compare
the visitors' capacity as evaluated by the previous monitoring with the real effects of
the visitors to avoid that the uncertainty of the determination of some environmental
parameters would not lead to unacceptable consequences.
In some instances this scientific committee has played an additional role, in co-ordi-
nating scientific researches in the cave. This was the case of the Caves of Frasassi
(Ancona, Italy) where the committee promoted a large number of studies, that were
successively published (Bertolani & Cigna, 1994).
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Fig. 4 - The Environmental Impact Assessment for the development of a tourist cave.
DEVELOPMENT, MANAGEMENT AND ECONOMY OF SHOW CAVES 17
Such results must be emphasised because too often the development of a cave into a
show cave is considered a pure loss for science, To the contrary if the development
is carried out according the principles of cave conservation, the final balance will be
largely positive because a small fraction of the commercial profit of the show cave
may provide an invaluable source for a research budget
In addition to this advantage, there is also a direct positive effect on the protection of
the cave environment, because when part of a large system is developed for tourism,
a control is automatically assured also for the other parts of the cave which would
have been open to everyone if the cave would have remained wild (Gurnee, 1967;
Forti, 1996), These considerations introduce to another argument, the economy in
connection with show caves,
Show caves and economy.
Dell'Oca has published one of the first papers dealing with this subject (1962) and it
was concerned with many different aspects of the use of caves with an economical
involvement In particular it was pointed out the effect of a show cave development
on the local economy and the example of Castellana Caves (Puglia, Italy) was
described.
It is evident that the economy of a region around a show-cave-to-be can be radically
modified by the cave development Therefore strenuous opposition to any tourist vis-
itation appears to be rather unfair towards the local people particularly when a suit-
able compromise between strict conservation and a sound development can be found,
But in any case, as it was previously reported, a cave development cannot be accept-
ed if it is not supported by appropriate preliminary research.
In Table I nearly 200 show caves of 28 countries from all over the world are report-
ed with the indicative number of visitors per year. It must be stressed that such fig-
ures are not homogeneous because they have been determined according to different
criteria, In particular the number of visitors per year is not constant and varies as a
consequence of many factors. The number reported in the table refers to a recent year
in some case or refers to an average among some years in some others.
Table I - Some important show caves from all over the world,
COUNTRY Show Cave Region W of visitorsperyear
ARGENTINA Caverna de las Brujas Mendoza 12,000
AUSTRIA Eisriesenwelt Salzburg 150,000
Rieseneishohle Oberosterreich 120,000
AUSTRALIA Abercrombie Caves New South Wales 10,000
Jenolan Caves New South Wales 240,000
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Wee Jasper Caves (Careyfs) New South Wales 3,000
Wellington Caves New South Wales 42,000
Wombeyan Caves New South Wales 30,000
Yarrangobilly Caves New South Wales 23,000
Buchan Caves Victoria 60,000
Princess Margaret Rose Caves Victoria 10,000
Murrindal Caves Victoria 2,000
Cammoo Caves Queensland 10,000
Olsens Capricorn Caverns Queensland 35,000
Chillagoe Caves Queensland 18,000
Undarra Lava Tubes Queensland 40,000
Cutta Cutta Caves Northern Territory. 34,000
Englebrecht Cave South Australia .. 10,000
Naracoorte Caves South Australia. 60,000
Tantanoola Caves South Australia. 20,000
Gunns Plains Cave Tasmania. 10,000
Hastings Caves Tasmania. 38,000
Augusta/Maragaret River Caves Western Australia. 60,000
Ngilgi Cave, Yallingup Western Australia. 65,000
BELGIUM Gratte de Han Namur 500,000
BERMUDA Crystal Caves Bermuda 80,000
BRASIL Gruta de Maquine Minas Gerais 47,000
Gruta da Lapinha Minas Gerais 36,000
Gruta Rei do Mato Minas Gerais 30,000
Nucleo Santana (3 caves) Sao Paulo 24.000
Cavern a do Diabo Sao Paulo 27,000
Grutas de Intervales Sao Paulo 12,000
Po~o Encantado Bahia > 5,000
Gruta Botuveni Parana-Santa Catarina 7,000
Gruta Angelica Goias 3,000
Gruta dos Ecos Goias 20,000
Gruta Terra Ronca Goias 7,000
Gruta Lago Azul Mato Grosso 44.000
Gruta Sao Miguel Mato Grosso 5,000
Grutas da Serra da Capivara Nordeste-Norte 5,000
Gruta de Maroaga Nordeste-Norte 4,000
Gruta de Ubajara Nordeste-Norte 47,000
Gruta do Castelo Nordeste-Norte 20,000
Gruta dos Martins Nordeste-Norte 9,000
CHINA Alugu Cave Yunnan 350,000
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Benxi Water Cave
Biyundong Cave
Boyundong Cave
Furangdong Cave
Guilin Reed Flute Cave
Huang Long Cave
Jiutiendong Cave
Kongshan Baiyun Cave
Longgong Cave
Longgong Cave
Shanjuan Cave
Shihua Cave
Snow Flower Cave
Taiji Cave
Tanglong Cave
Tianquan Cave
Wolongdong Cave
Yaolin Cave
Yuhua Cave
Yunfu Panlong Cave
Zhijing Cave
Zhiyundong Cave
CZECH REPUB. Bozkov Dolomite Cave
Konipruske Caves
Chynovska Cave
Zbrasov Aragonite Caves
Javoricko Caves
Mladec Caves
Na Pomezi Caves
Na Spikaku Caves
Punkva Caves
Balcarka Cave
Katerinska Cave
Sloupsko-sosuvske Caves
Liaoning
Guzhou
Hunan
Qongqing
Guangxi
Hunan
Hunan
Hebei
Guizhou
Jiangxi
Jiangsu
Beijing
Henan
Anhui
Hubei
Sichuan
Yunnan
Zhejiang
Fujiang
Guangdong
Guizhou
Yunnan
East Bohemia
Central Bohemia
South Bohemia
Central Moravia
Central Moravia
Central Moravia
North Moravia
North Moravia
South Moravia
South Moravia
South Moravia
South Moravia
280,000
150,000
300,000
300,000
920,000
300,000
200,000
170,000
400,000
300,000
400,000
380,000
250,000
200,000
200,000
350,000
250,000
370,000
300,000
200,000
150,000
500,000
75,000
125,000
40,000
50,000
60,000
20,000
60,000
15,000
195,000
40,000
60,000
45,000
FRANCE Gratte d' Arcy
Aven Armand
Grotte de la Balme
Abime de Bramabiau
Gratte de Grandes Canalettes
Gratte de Choranche
Gratte de Clamouse
Gratte la Cocaliere
Yonne
Lozere
Isere
Gard
Pyrenees Orientales
Isere
Herault
Gard
180,000
100,000
60,000
40,000
40,000
150,000
150,000
100,000
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Grotte Prehist. Foissac Aveyron 18,000
Grotte de Fontirou Lot et Garonne 40,000
Grotte des Demoiselles Herault 150,000
Grotte du Grand Roc Dordogne 130,000
Grottes Isturitz Oxocelhaya B. Pyrenees 90,000
Grotte Lacave Lot 150,000
Grotte Limousis Aude 26,000
GEORGIA Novoafonskaya Abkhasia 700,000
Navenakhevi Terjol 20,000
Sataplia Tskhaltubo 100,000
GERMANY Barbarossahohle ThUringen 200,000
Dechenhohle Sauerland 200,000
Erlebnisbergwerk Merkers ThUringen 70,000
Feengrotten ThUringen 200,000
Hermanns and Baumannshohle Harz 260,000
Kluterthohle Westfalen 30,000
Historisches Kupferbergwerk Hessen 120,000
Nebelhohle Schw1ibische Alb 100,000
TeufelshOhle Franken 200,000
Wiehler Tropfsteinhohle Bergisches Land 60,000
HUNGARY Abaliget Cave Baranya 70,000
Anna cave BUkk Nat\. Park 20,000
Baradla Cave Aggelek 180,000
Buda Castle Cave Budapest 50,000
Szt. Istvan Cave BUkk Nat\. Park 60,000
L6czy Cave Veszprem 10,000
Miskolk-Tapolca Cave Veszprem 100,000
Pal- VOIgy Cave Budapest 40,000
SzemlO-Hegy Cave Budapest 10,000
INDIA Vaishno Devi Jammu 490,000
IRAN Ghar Alisadr Hamadan 400,000
ITALY Grotta dell' Angelo Campania 80,000
Grotta di Castellana Puglia 250,000
Grotta di Collepardo Lazio 10,000
Grotte di Frasassi Marche 350,000
Grotta Gigante Venezia Giulia 85,000
Grotta di Is Janas Sardegna 10,000
Grotta di Ispinigoli Sardegna 40,000
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Grotta del Nettuno Sardegna 180,000
Grotta di Oliero Veneto 30,000
Grotta di Pastena Lazio 40,000
Grotta di Pertosa Campania 60,000
Grotta di Su Mannau Sardegna 20,000
Grotta San Michele Sardegna 3,000
Grotta di Smeraldo Campania 100,000
Grotta di Su Marmuri Sardegna 10,000
Grotta di Toirano Liguria 200,000
Grotta del Vento Toscana 60,000
Grotta di Is Zuddas Sardegna 50,000
NEPAL Mahadev Cave Pokhara > 200 000
Bat Cave Pokhara 10,000
NEW ZEALAND Waitomo Caves North Island 400,000
Blackwater Rafting North Island 12,000
Te Anau Caves South Island 12,000
Metro, Te Hahi & Babylon. South Island 5,000
PUERTO RICO Cavernas del Rio Camuy Arecibo 140,000
RUSSIA Kungurskaya Ledjanaya Cave Perm 200,000
Bol'shaya Azishskaya Cave Krasnodar 25,000
SLOVENIA Postojnska Jama Postojna 800,000
Skocjanske Jame Matavun 50,000
SLOVAK REP. Belianska Cave Tatra Nat!. Park 90,000
Bystrianska Cave Low Tatras 30,000
Demanovska Liberty Cave Low Tatras Nat!' Park 135,000
Demanovska Ice Cave Low Tatras Nat!' Park 50,000
Dobsinka Cave Slovak ParadiseNat!. Park 75,000
Domica Cave Silicka Plateau 25,000
Driny Cave Lesser Carpathiana 40,000
Gombaseka Cave Silicka Plateau 15,000
Harmanecka Cave Greater Tatra 20,000
Jasovska Cave Jasov 22,000
Ochtinska Cave Revucka Highland 28,000
Vazecka Cave Vazec 30,000
SPAIN Cueva de Nerja Malaga 500,000
Cueva del Tesoro Malaga 50,000
Cueva de Valporquero Leon 70,000
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SOUTH AFRICA Cango Cave Oudtshoorn 250,000
SWEDEN Lummelundagrottan Gotland 80,000
TURKMENISTANBakhardenskaya Cave Bakharden 40,000
U.K. Cheddar Caves Somerset 260,000
Dan-yr-Ogof Show Caves S. Wales 80,000
Kents Cavern Devon 115,000
Peak Cavern Derbyshire 120,000
Poole's Cavern Derbyshire 390,000
Treak Cliff Cavern Derbyshire 82,000
White Scar Cave Lancashire 66,000
UKRAINE Adjimushkay cave Crimea 220,000
Bair Cave Crimea 60,000
Krasnaya Cave Crimea 50,000
Kristalnaya Cave Ternopol 70,000
Mlinki Cave Ternopol 25,000
Mramornaya Cave Crimea 200,000
Nerubajskoje Cave Odessa 50,000
Pecherskaya Lavra Caves Kiev 1,800,000
U.S.A. Cave of the Winds Colorado > 100,000
Carlsbad Caverns New Mexico > 100,000
Crystals Caves Bermuda > 100,000
Fantastic Caverns Missouri > 100,000
Howe Caverns New York > 100,000
Inner Space Cavern Texas > 100,000
Lost Sea Tennessee > 100,000
Luray Caverns Virginia > 100,000
Mammoth Cave Kentucky > 100,000
Marvel Cave Missouru > 100,000
Meramec Caverns Missouri 200,000
Moaning Cave California 100,000
Natural Bridge Caverns Texas > 100,000
Penn's Cave Pennsylvania 80,000
Rio Camuy Cave Park Puerto Rico > 100,000
Ruby Falls Tennessee > 100,000
Sea Lion Caves Oregon > 100,000
VENEZUELA Cueva del Guacharo Monagas 100,000
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According to Zhang & Jin, (1996) there are about 800 show caves in the world, If it
is assumed that the caves listed in Table 1, with much more than 25 million visitors,
are a reasonably representative sample of all show caves, since they are 150/800 =
19 % of the whole, a global number of more than 150 million visitors per year may
be evaluated,
By assuming a budget per person as reported in Table 2 the total amount of money
spent to visit the show caves is around 2.3 billion US$. The number of the local peo-
ple directly involved in the show cave business (management and local services) can
be estimated to be several hundred per cave, i.e. some hundreds of thousands of indi-
viduals in the world.
By taking into account that there are several hundred other people working indirect-
ly to each person directly connected with a show cave (Forti & Cigna, 1989), a gross
global figure of about 100 million people receive salaries from the show cave busi-
ness, i.e. it can be roughly assumed that behind each tourist in a show cave there is
about one employee directly or indirectly connected.
In addition to show caves, it must be considered also the existence of karst parks,
which include a cave within their boundaries. As reported by Halliday (1981) the
number of visitors of three top karst national parks in USA (Mammoth Cave,
Carlsbad Caverns and Wind Cave) amounted to about 2,500,000 tourists each year.
Therefore karst parks give a further increase to the number of people involved in the
whole "karst" business.
Table 2 - Rough estimation of the annual direct and local budget of a show cave per each
visitor (US $).
Direct income 5
Other local income:
Souvenirs & snacks 1.5
Meals 5
Transportation 2
Travel agency 2
TOTAL 15.5
There are many other human activities which involve a larger number of people; nev-
ertheless the figure reported above is not negligible and gives an indication of the
role that show caves play in the global economy.
24
Acknowledgements
Arrigo A. Cigna and Ezio Burri
I wish to acknowledge the kind cooperation of a number of colleagues in collecting
data on the show caves around he world. In particular I express here my thanks to:
William S. Bagshaw, Dolores Beraldo, Pavel Bosak, Patrick Deriaz, Paolo Forti,
Jeannie Gurnee, Yvonne Habermann, Ernst Holland, Alexander Klimchouk, Jose
Ayrton Labegalini, Michael Laumanns, Renata Marinelli, Ricardo J.c. Marra,
Neville Michie, Barbara Munson, Song Linhua, Franco Urbani, Excma. Diputacion
Provincial de Leon (Spain).
References
ALEY T., 1976 - Caves, cows and carrying capacity. National Cave Management
Proceedings 1975, 6-10 October 1975, Speleobooks, Albuquerque: 70-71.
AMAVIS R, SMEETS J., BRANCA G., BREUER E, CIGNA A., 1974 - Developpement et
application du concept de la capacite radiologique en radioprotection. Proc.
Symp. Aix-en-Provence, 14-18 May 1973, IAEA, Vienna: 583-592.
BERTOLANI M. & CIGNA A.A., 1994 - Activity of the Scientific Commission of "Grolla
Grande del Vento" (Genga, Ancona, Central Italy). Int. 1. Spel., 23 (1-2): 51-60.
BOURGES E, D'HULST D. & MANGIN A., 1998 - Etude de l'Aven d'Orgnac. Rapport
final, Lab. Souterrain de Moulis, Geologie Environnement Conseil, Moulis.
BROWNLIE D., 1985 - Strategic Marketing Concepts and Models. J. of Marketing
Management, 1: 157-194.
BURRI E. & CIGNA A.A., 1991 - Some considerations on the potential for revitalisation of
show cave. In: Sauro U., Bondesan A. & Meneghel M, (Eds.) - Proc. Int. Conf.
on Environmental Karst Areas (Italy, 15-27 Sept.,1991 ). Quad. Dip.
Geografia, Univ. Padova, 13, 1991: 299-303. Also as: Rapporto ENEA
RT/AMB/92118.
BURRI E. & FORTI P., 1995 - The karst areafo Pietrasecca (Abruzzo, Italy): a project for its
preservation and touristic development. Proc. Int. Symp. "Man on Karst",
Postojna Sept. 23-25, Acta Carsologica, Ljubljana: 133-145.
BRUCKER R., 1976 - Comments on carrying capacity. National Cave Management
Proceedings 1975, 6-10 October 1975, Speleobooks, Albuquerque: 72.
BUTLER R.W., 1980 - The Concept of a Tourist Area Life Cycle of Evolution. Canadian
Geographer, 24: 5-12.
CASTELLANI V., 1988 - Frasassi e speleomonitoraggio. Speleo1ogia, Soc. Spel. It., 9 (18):
33-35.
DEVELOPMENT. MANAGEMENT AND ECONOMY OF SHOW CAVES 25
CAUMARTIN V., 1993 - Evolution des idees en matiere de corrosion et de conservation du
milieu souterrain. Cent ans de speleologie fran<;;aise, Fed. Fr. Spel., Spelunca
Memoire, nO 17, Paris: 273-275.
CAVALLARO C. & PIPINO A., 1991 - Geografia del Turismo. Giappichelli, Torino.
CHRISTALLER W., 1933 - Die zentralen Orte in Suddeutschland. Wissenschafliche
Buchgesellschaft, lena.
CHRISTALLER W., 1964 - Some considerations of tourism location in Europe. Papers of the
Regional Science Association, 12: 95-105.
CIGNA A.A., 1989 - La capacita ricettiva delle grotte turistiche qua Ie parametro per la sal-
vaguardia dell'ambiente sotterraneo - II caso delle Grotte di Castellana. Atti
XV Congr. Naz. Speleol., Gruppo Puglia Grotte - Amm. Comunale Castellana
Grotte: 999/1 0 12.
CIGNA A.A., CUCCHI E & FORTI P., 2000 - Engineering problems in developing and man-
aging show caves. l. Nepal Geological Soc., 22: 85-94
CIGNA A.A. & FORTI P., 1989 - The environmental impact assessment of a tourist cave.
Cave Tourism. Proc. Int. Symp. 170th Anniv. Postojnska lama, Postojna, Nov.
10-12, 1988. Centre Scient. Res. SAZU & Postojnska lama Tourist and Hotel
Organiz.: 29-38.
CIGNA A.A. & FORTI P., 1990 - La V./.A. delle grotte turistiche. The E.I.A. of a tourist cave.
VIA, I' Arca Edizioni, Milano, 4 (16): 42-53.
CSER E, GADOROS M., 1988 - The role of aerosols in cave deposition. Proc. Int. Symp. on
Phys. Chern. and Hydr. Research of Karst, Kosice, 10-15 May 1988, Slovenska
Speleologicka Spolocnosf, Liptovsky Mikulas: 25-34.
COOPER c.P., 1989 - Tourist Produced Life Cycle. In: Witt S. & Moutinho L. (Eds.) -
Tourism Marketing and Management, Prentice Hall, London: 557-582.
DELL'OCA S., 1962 - Note di speleologia economica. Atti VI Congr. Spel. Lombardo, 10
Apr. 1960, Rass. Speleologica Italiana, XIV (I): 76-109.
FORSSELL S., 1977 - The concept of carrying capacity and how it relates to caves. National
Cave Management Proceedings 1976, 26-29 October 1976, Speleobooks,
Albuquerque: 1-5.
FORTI P., 1980 - Formazione di aragonite nella Grotta di Castellana: WI esempio della modi-
ficazione indotta dalla turisticizzazione. Grotte d'Italia, s.4, 8: 1-10.
FORTI P., 1996 - Turisticizzazione e tutela dell' ambiente ipogeo: due aspetti non contrastan-
ti. In: Cigna A.A. (Ed.) - BOSSEA MCMXCV. Proc. "Show Caves and
Environmental Monitoring" Symp. Int., Frabosa Soprana (Cuneo) 24-
27/III/1995: 49-56.
26 Arrigo A. Cigna and Ezio Burri
FORTI P., CIGNA A.A., 1983 - Relazione della Commissione tecnico scientifica per 10 studio
di alcuni fenomeni di infiltrazione nelle Grotte di Castellana. Unpublished
report for the Amministrazione Provinciale di Bari.
FORTI P. & CIGNA A.A., 1989 - Cave tourism in Italy: an overview. Cave Tourism. Proc.
Int. Symp. 170th Anniv. Postojnska Jama, Postojna, Nov. 10-12, 1988. Centre
Scient. Res. SAZU & Postojnska Jama Tourist and Hotel Organiz.: 46-53.
GURNEEJ. (Ed.), 1967- Comervation through Commerr:ialisation.Bull. Nat!. Spel. Soc., 29 (2): 27-71.
GURNEE J., 200 I - Personal communication to A.A. Cigna.
GURNEE R., GURNEE J., 1981 - The study report on the development of Harrison Cave,
Barbados. West Indies. Aui Conv. Int. Groue Turistiche, Borgio Verezzi 20-21
Marzo 1981; Groue d' !talia, s.4, 10: 101-107.
GURNEE R., 1990 - Personal communication to A.A. Cigna.
HALLIDAY W.R., 1981 - Karstic national parks: intemational economic and cultural sig-
nificance. Proc. Int. Symp. Utilization of Karst Areas, Trieste March 29-30,
1980. 1st. Geol. e Paleont. - Commissione GroUe Boegan, CAl Trieste: 135-144.
HAMMITT W. & COLE D., 1987 - Wildland Recreation: Ecology and Management. Wiley
Interscience, John Wiley & Sons, New York.
HEATON T., 1986 - Caves. A Tremendous Range in Energy Environments on Earth. National
Speleological Society News, August: 301-304.
HUPPERT G., BURRI E., FORTI P. & CIGNA A., 1993 - Effect of Tourism Development
on Caves and Karst. In: P. W. Williams (Ed.) - Karst Terrains, Environmental
Changes and Human Impact. Catena Supplement 25: 251-268.
IMPRESCIA U., 1983 - Considerazioni teoriche sulla radiazione emessa da vari tipi di lam-
pade in relazione alia formazione alia crescita di alghe e lIluschi .Hlllepareti
illuminate di grotte turistiche. Groue d' !talia, s.4, 11:93/-10 I.
INNOCENTI P., 2000 - Geografia del Turismo. Carocci, Roma.
ISARD w., 1960 - Methods of Regional Science. An Introduction to Regional Science. The
Technology Press of MIT, New York.
JABLONSKY P., 1990 - Lint is not limited to belly buttons alone. National Speleological
Society News, 48 (5): 117-119.
LOSCH A., 1954 - The Economics of Location. Yale Univ. Press, New Haven.
MARRA R.J.C., 2001 - Espeleo 7ilrismo. Planejamento e manejo de cavemas. Esitora WD
Ambiental, Brasilia.
DEVELOPMENT. MANAGEMENT AND ECONOMY OF SHOW CAVES 27
MERENNE-SCHOUMAKER B., 1975 - Aspects de l'influence des touristes sur les micro-
climats de la groUe de Remouchamps. Ann. Speleo\., 30(2): 273-285.
MICHIE N., 1996 -Investigation of visitors impacts at lenolan Caves (N.S. W, Australia). In:
Cigna A.A. (Ed.) - BOSSEA MCMXCV. Proc. "Show Caves and
Environmental Monitoring" Symp. Int., Frabosa Soprana (Cuneo) 24-
27/IIII1995:235.239.
MICHIE N., 1997 - The threat to caves of the human dust sources. Proc. )20 Int. Congr. Spe\.
LaChaux-de-Fonds, Switzerland, Symposium 5: Applied Speleology, 5: 43-46.
MIDDAUGH G., 1977 - Practical experiences with carrying capacity. National Cave
Management Proceedings 1976, 26-29 October 1976, Speleobooks,
Albuquerque: 6-8.
MIOSSEC J. M., 1976 - Elements pour une theorie de l'espace touristique. Les Cahiers du
Tourisme, C36. Centre des Etudes Touristiques, Aix-en-Provence.
MIOSSEC J. M., 1977 - Un modele de l'espace touristique. L'Espace Geografique, 8(1): 41-
48.
MONGELLI E, 1961 - Rilievo della temperatura dell 'aria nelle GroUe di Castellana. Bol\.
Geofis. Teor. App\., 3 (I I): 197-208.
VAN CLEAVE P., 1976 - Some thoughts on the carrying capacities of developed caves.
National Cave Management Proceedings 1975, 6-10 October 1975,
Speleobooks, Albuquerque: 73-74.
VILLAR E., BONET A., DIAZ-CANEJA B., FERNANDEZ P.L., GUTIERREZ I,
QUINDOS L.S., SOLANA J.R., SOTO J., 1984 - Ambient temperature varia-
tions in the hall of paintings of Altamira cave due to the presence of visitors.
Cave Science, Trans. British Cave Research Association, 11(2), July: 99- I04.
VILLAR E., BONET A., DIAZ-CANEJA B., FERNANDEZ P.L., GUTIERREZ I,
QUINDOS L.S., SOLANA J.R., SOTO J., 1985 - Natural evolution of perco-
lation water in Altamira cave. Cave Science, Trans. British Cave Research
Association, 12( I), March: 21-24.
VILLAR E., FERNANDEZ P.L., GUTIERREZ I, QUINDOS L.S., SOTO J., 1986 -Influence
of visitors on carbon dioxide concentrationns in Altamira Cave. Cave Science,
Trans. British Cave Research Association, 13( I), April: 2 I-23.
ZHANG S., JIN Y., 1996 - Tourism resources on jarst & caves in China. Aetas II Congr. ISCA
29 OC.-I Nov. 1994, Malaga, 111.119.
Received 12 June 2001
Accepted 15 September 200 I


30 Jacques Choppy
Introduction
Dans la preface de sa these, Philippe AUDRA [1994] me qualifie gentiment de
« pourfendeur du dogmatisme ». Je ne recuse pas cette appellation, meme si mes pre-
tentions sont plus modestes. Certes, j'ai progressivement cesse de croire a certaines
hypotheses couramment admises en matiere de creusement karstique, ou parfois a
l'usage qu'on en fait.
Dans Ie domaine des sciences de la terre, l'explication des formes demeure toujours
pour une part hypothetique. C'est vrai en particulier pour Ie karst, est-il necessaire de
Ie dire? Si certaines hypotheses peuvent apparaitre fragiles, dans leur principe ou
dans certaines applications, elles resultent de travaux souvent novateurs, dont cer-
tains ont entraine de nombreux developpements. Mais, a I'epoque, la connaissance
des phenomenes karstiques et de leur environnement etaient infimes par rapport a ce
dont nous disposons aujourd'hui.
Or plusieurs de ces hypotheses sont devenues des dogmes, au point que les expres-
sions genetiques qu'elles ont creees sont quotidiennement employees de maniere
descriptive; ce qui anticipe evidemment sur toute interpretation. Si Ie dogme s'ef-
fondre, il entraine avec lui les interpretations qui en furent deduites !A-t'on Ie droit
de dire que tout Ie monde n'est pas d'accord ?
Afin de rester dans Ie cadre d'un article. je me borne a dire pourquoi.
Et il n'est pas rare qu'on voie resurgir dans une publication recente d'autres
hypotheses qui semblaient heureusement oubliees, si meme elles ne redeviennent pas
a la mode. Sans pretendre a l'exhaustivite, doit-on se limiter dans I'inventaire de
celles qui semblent mal fondees ?
Dans Ie passe, I'etrangete de beau coup de phenomenes karstiques a frappe de nom-
breux savants, qui en ont cherche des explications : celles-ci, fondees sur des con-
naissances tres locales, furent sou vent gratuites, mais parfois premonitoires ; elles
n'ont pratiquement jamais eu d'audience generale. T.R. Shaw [1979] s'etant fait
I'historien de ces recherches, il ne semble pas utile de remonter ici avant la fin du 1ge
siecle, epoque ou apparait une volonte exploratoire organisee, avec diffusion des
resultats et des hypotheses aux autres explorateurs.
Hypotheses relatives a des processus
L'importance relative des processus physico-chimiques, hydrauliques, micro-clima-
tiques, mecaniques, biologiques fut I'objet d'energiques prises de position, ou de
debats passionnes (concernant les roles respectifs de la corrosion ou de I'erosion ; de
la dissolution ou de l'effondrement ; etc.). Or, pour la plupart, ces processus sont
presents dans tous les karsts; mais ils ne sont pas tous mobilises.
Cependant tout processus, meme bien reel, a ses limites.
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Corrosion en fonction de la temperature
Puisque Ie taux de dissolution du C02 dans l'eau est superieur lorsque celle-ci est
froide, J. Corbel [1957] suppose que la corrosion du calcaire est augmentee sous un
climat froid. Depuis, plusieurs auteurs ont montre que Ie role de la temperature sur
la dissolution ne pouvait etre pris en compte isolement : la dynamique des reactions,
puis des facteurs divers, dont Ie volume des precipitations, sont souvent plus impor-
tants [M. Julian 1992].
Limite de karstification en Drofondeur
On sait qu' a l' equilibre, de l' eau se trouvant sous un gaz en dissout une quantite d' au-
tant plus grande que la pression est elevee et la temperature faible (loi de HENRY).
Pour une eau descendant en profondeur, la pression et la temperature augmentent.
L'equilibre de la loi de HENRY, assez rapidement atteint apres une variation de tem-
perature, l'est beaucoup moins apres une variation de pression. A. Vandenberghe
[1960] suppose alors que la solubilite du C02 diminuant vers la profondeur « sous
l'action de la temperature, ... l'influence de la pression n'intervient que faiblement
pour corriger ce phenomene » ; ceci jusqu'a « une limite de profondeur au del a de
laquelle » il prevoit « une precipitation des carbonates ».
Cette precipitation n'est pas observable dans les carottes de forage [H. Schoeller
1965]. Quant au raisonnement de A. Vandenberghe [1960], il invoque des processus
lies a la loi de HENRY dans des conditions ou celle-ci n'est pas applicable, puisqu'en
profondeur Ie liquide ne se trouve pas en regard du gaz. A grande profondeur dans
des forages petroliers, on constate au contraire la presence d'eaux tres carbonatees [J
Corbel 1957]. Lors de la remontee de ces eaux par Ie trou de forage, on ne signale
d'ordinaire ni degazage de COz, ni depot de calcaire ; ces eaux ne sont donc pas sur-
saturees par rapport aux conditions de surface: elles n'ont generalement pas eu, en
profondeur, I'occasion de s'enrichir en CO2, Reprenant Ie probleme sur un plan plus
large, H. Schoeller [1965] conclut a l'inexistence d'une limite de karstification dans
les cas habituels.
Corrosion Dar melange des eaux [A Bogli 1964]
Tout melange de deux eaux, acidifiees par la dissolution de CO2 et saturees en
CaC03, mais de chimismes differents, se trouve dans la zone d'agressivite par rap-
port a la courbe de saturation. Tout en confirmant que, globalement, Ie phenomene
existe, Y. Quinif [1981] note qu'en presence d'air, un reequilibrage entre les taux de
CO2 de I' air et de I' eau peut s' opposer a la corrosion supplementaire par melange des
eaux.
Dans Ie cas habituel d'un massif karstique, ou les eaux des precipitations sui vent des
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chemins paralleles, de sorte que leur chimisme est Ie meme au moment du melange,
celui-ci est inoperant. Et quand les eaux melangees sont de chimismes differents, la
corrosion supplementaire du calcaire ne peut guere exceder 10 %. Les formes resul-
tantes doivent alors etre de taille modeste par rapport au conduit dans lequel elles se
trouvent, et ne peuvent avoir un aspect specifique que si elles se situent au lieu meme
ou se produit Ie melange.
Creusemen/ superfidel sous couver/ure
Des formes en relief, mais aussi d'aplanissement, ont ete attribuees a un creusement
sous couverture :
- Le karst a buttes se developperait « dans les depressions ou s'accumulent des sedi-
ments » [A. Bonte 1958]. Si Ie creusement sous couverture y participe vraisem-
blablement, l'elaboration d'un karst a buttes resulterait plutot, selon A. Mangin et M.
Bakalowicz [1990], d'une surrection lente et continue permettant a I'erosion « nor-
male » de garder la preponderance par rapport au fac;;onnement karstique. Cette
hypothese fut egalement proposee par R. Maire et S. Pome! [1995] a propos du karst
de Wufeng (Hubei, Chine), mais sans que soit explique comment Ie surcreusement
des vallees a la suite d'une surrection, permettant Ie decapage d'une couverture, peut
aboutir a un relief en buttes.
Dans la representation de H. Lehmann [1953 - figure I], une evolution du karst a
buttes vers un karst a tours resulte du demarrage d'une « Losungsunterschneidung »
(= corrosion ayant un effet de sape-
ment) quand Ie creusement atteint Ie
niveau d'un soubassement sedimen-
taire. Cette hypothese, implicite-
ment reprise par d'autres auteurs,
correspond sans doute a des cas par-
ticuliers. Mais si la localisation des
karsts a tours montre que leur base
est ou fut inondable, provoquant une
corrosion laterale, c'est plus sou vent
dans des conditions particulieres,
comme la proximite immediate du
niveau de la mer.
L'evolution du karst a buttes vers un
karst a tours ne serait pas un
phenomene general.
Fig. 1- Schema de l'evolution des buttes sous les tropiques (d'apres LEHMANN, 1953)
(The evolution of cone karst in the tropics)
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- J. Nicod [1967] attribue les reliefs ruiniformes a un creusement sous couverture ;
celui-ci peut contribuer a leur formation, mais n'explique pas leur localisation sur
des versants de vallees ou de depressions, en particulier des formes les plus volu-
mineuses.
- La« surface d'aplanissement karstique» resulterait d'une corrosion sous une cou-
verture permeable [J. Cvijic 1909]. Au contraire, pour D. Aubert [1975], un
« aplanissement karstique » resulterait du recul des tetes de banes aftleurant en sur-
face, emoussant ainsi les sommets d'anticlinaux. Et, dans Ie Jura fran~ais, selon G.
Chabot [1927], la morphologie des surfaces aplanies releve d'une « erosion nor-
male» et non d'une action karstique.
Creusement sous pression
P. Chevalier [1944] suppose que Ie creusement des conduits debute par une « ero-
sion sous pression, en conduite forcee » (sans indiquer les conditions expliquant
cette pression), utilisant les joints de stratification et les fractures mais indepen-
dante du pendage comme de la pesanteur, et aboutissant a une forme en tube. Les
expressions genetiques « erosion sous pression », « erosion en conduite forcee »
designent done un processus hypothetique. P. Chevalier [1944] ne s' est pas beau-
coup explique mais, en tant qu'ingenieur et compte tenu de I'epoque, celie des
grandes realisations hydroelectriques, l'expression « conduite forcee » est une
reference precise a des conduites dans lesquelles les pressions, les vitesses et les
debits sont habituellement importants.
Sous Ie niveau de base, Ie « creusement sous pression » ne se distingue pas du
creusement « phreatique» examine ci-dessous. Et, au dessus, on ne voit pas com-
ment une pression importante pourrait se maintenir, sinon de maniere episodique,
car des fuites vers l'exterieur devraient se produire.
Un creusement par pression hydrostatique est parfois invoque. Pour Ie processus,
soit il n'est pas explique [E.A. Martel 1921], et du reste difficile a imaginer, soit il
s'agit d'une difference de pression a l'interieur de la masse calcaire [E. Boegan
1938 - figure 2], qui devrait expliquer Ie creusement de cheminees par la surpres-
sian lors des crues. Or ces cheminees se poursuivent toujours vers Ie haut, au mains
par une diaclase, ce qui remet en cause la difference de pression, puisque celle-ci
s'annule beaucoup plus aisement dans l'air que dans l'eau ; et ces cheminees ont
suscite diverses autres hypotheses.
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Fig. 2 . Schema d'une serie de puits,
dans la grotte de Trehiciano (Ita lie),
montrant Ie processus de corrosion et
d'erosion de ['eau remontante et la
valeur de la pression hydrostatique
exercee par ['eau aux points 8 et C
(A = hauteur atteinte par ['eau du
fleuve souterrain) (d'apres 80£.
CAN,1938).
(Diagram of a series of pits in
Trebiciano Cave, Italy, showing the
process of corrosion and erosion af
ascending water and the value of
hydrostatic pressure on points 8 and
C (A is the highest level reached by
the water of the underground river)
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En fait la pression ne peut agir
par elle-meme : des mises en
charge correspondant de maniere
frequente a des pressions de
plusieurs centaines de kilopascals
ne suscitent par elles-memes
aucun desordre dans les cavites ;
c' est Ie deplacement rapide de
I' eau et de sa charge soli de qui creent eventuellement de tels desordres.
Creusemellt par variation de pression de I'eau
Entre deux points, les differences de pression pourraient-elles alors agir en accelerant
les circulations? Dans un reseau de fentes, les resistances hydrauliques limitent de
telles accelerations. Et, dans des conduits, ou les differences de pression se trans-
mettent aisement, elles demeurent faibles. Un « reseau anastomose» [A. Palmer
1975] ne peut donc etre impute a la pression. L'utilisation de surfaces de discontinu-
ite, sans qu'aucune predomine, se comprend mieux en eau stagnante, donc en I'ab-
sence de pression.
On a parfois invoque des « alternances de pressions et de depressions ... d'ou resul-
tent tant6t de veri tables explosions, tant6t des implosions desagregeant profonde-
ment les roches» [B. Geze 1973 J ; de tels phenomenes brutaux devraient laisser des
traces dans Ie karst profond. Or les variations de pression y demeurent relativement
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peu rapides (quelques dizaines de metres de hauteur d'eau par heure dans la Luire,
Drome).
Pour creer Ie « porche d'explosion » de Martel [1930], vaste par rapport aux conduits
qui Ie precedent, on peut invoquer Ie phenomene du coup de belier. Mais de tels
porches sont souvent explicables par les processus resultant du contact des condi-
tions climatiques exterieures avec Ie microclimat souterrain ; et des porches tout
aussi vastes se trouvent dans des pertes, par exemple celie de Reveillon (Lot).
Pour IN. Salomon [1986], la formation des dolines d'effondrement du Mikoboka
(Madagascar) resulte d'une surpression : les forts contrastes saisonniers de plu-
viometrie provoquent des variations de niveau de la zone noyee, « les plafonds des
salles sont soumis a d'enormes differences de pression hydraulique. C'est pourquoi
les effondrements sont frequents ». Pour I'auteur, la doline d'effondrement en chau-
dron serait alors « caracteristique des karsts tabulaires des regions tropicales a fort
contraste saisonnier et a longue saison seche ... Des formes similaires sont egalement
tres frequentes dans les karsts de Nullarbor en Australie ou elles sont heritees [J.N.
Jennings et D.C. Lowry, 1974] et dans Ie karst du Yucatan (cenotes) [J. Corbel
1958] ».
Sous une surface tres horizontale et un plafond etanche (il peut I'etre a Nullarbor),
une surpression resultant d'une crue est vraisemblablement susceptible de provoquer
un effondrement. Mais Ie plafond ne semble pas etanche dans les zones ou s'ouvrent
les cenotes, a Cuba. Du reste, Ie gouffre et la doline d'etfondrement s'expliquent
aussi par I'elargissement d'un conduit souterrain, tel qu'en fonction des caracteris-
tiques mecaniques de la roche, son plafond n'est plus stable [W.E. Davies 1951].
Creusement par cavitation
Au sens physique, la cavitation est la formation de bulles de vapeur au sein d'un Iiq-
uide en mouvement lorsque la vitesse atteinte est telle que la pression du Iiquide
devient inferieure a sa tension de vapeur. Dans un conduit artificiel, il en resulte des
formes comparables aux coups de gouge. Est-ce que, dans les grottes, ceux-ci ne
resulteraient pas d'un phenomene de cavitation? [Hjulstrom 1935].
Ph. Renault [1961] admet que la cavitation peut se produire dans un conduit si :
V2 > 2g x (p + h)
la tension de vapeur est assez faible pour qu'on puisse la negliger aux temperatures
ordinaires et ou :
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v = vitesse d'ecoulement m/s g = acceleration de la pesanteur 9,81 m/s2 p ='pres-
sion atmospherique en metres d'eau (avec I atmosphere = 10,3 metres d'eau) h =.
pression locale piezometrique en metres d'eau.
Com me on a toujours p + h > 10,3, pour permettre la cavitation, il faudrait que la
vitesse de circulation soit au minimum V> 14 m/s. Les vitesses connues de circula-
tions karstiques sont d' ordinaire tres inferieures a ce chiffre : se rapprochant sans
doute de vitesses instantanees, les plus petits coups de gouge connus, de I a 2 cen-
timetres de long, correspondent respectivement a des vitesses de l'ordre de 4 a 2 m/s
[R. L. Curl 1966]. Le creusement par cavitation ne serait donc pas credible [1. Corbel
1963].
Mais, dans Ie reseau des Siebenhengste (Suisse), une crue aurait progresse avec une
vitesse locale de 50 m/s [1.P. Bartholeyns 1987]. Encore faudrait-il trouver les mar-
ques d'une eventuelle cavitation [A. Bogli 1980]. Or si les effets de la cavitation dans
des conduites en metal sont connues, « nous ne connaissons pratiquement rien
actuellement de ses effets sur la roche» [AA Cigna 1983].
Vitesse de creusement des conduits
Trois approches ont ete pratiquees pour connaltre Ie rythme de creusement des con-
duits:
I) 1. Coward [1971] mesure un retrait des parois de I' ordre de 1,2 millimetres par an
dans la Lower Hugues Cave (West Virginia, USA) apres une « correction en fonction
du rapport annuel », qu'il n'explicite pas. Et quelle est la part de l'erosion
mecanique? [AN, Palmer 1981]. D' autres creusements tres rapides ont ete mesures
dans des karsts littoraux des Bahamas [1, E. Mylroie et 1. L. Carew 1987] : dans ce
cas, l'eau des circulations est chargee en chlorures, ce qui fait intervenir I'effet-sel,
et d'autre part la roche est poreuse, Des creusements peuvent donc etre rapides dans
des conditions particulieres,
2) Dans la grotte de Meyraguet (Lot), une date (1898) peinte au goudron protege la
paroi (figure 3); on mesure que Ie recul de celle-ci, au bout d'un siec1e, est de 1 cen-
timetre, A l'endroit ou se trouve cette date, la section de la grotte s'est alors accrue
en moyenne de IlIa oooe par an.
A partir de cet ordre de grandeur ou de calculs theoriques, plusieurs auteurs sup-
posent implicitement que l'agrandissement actuel du conduit fut Ie meme dans Ie
passe depuis Ie debut du creusement: c'est parfois en utilisant un modele en deuxdi-
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Fig. 3- GraUe de Meyraguet (Lot), inscription de paroi (Writing on the cave wall)
mensions, donc avec une extension infinie dans la troisieme. lis aboutissent ainsi a
des valeurs de I'ordre de 5 000 a 20 000 ans, voire beaucoup moins [A.N. Palmer
1981] pour des conduits de section metrique.
Or, en volume, cet elargissement est evidemment tres faible au debut puisque Ie debit
d'eau admis par Ie conduit, et susceptible de dissoudre, est lui-meme tres faible. Et,
sou vent, ces calculs ont ete faits avec des hypotheses optimistes, par exemple en sup-
posant des circulations initiales telles que cela revient a supposer que Ie creusement
des conduits a deja debute.
3) Par bilan de matiere au niveau des eaux d'un karst, on peut estimer Ie rapport des
quantites de carbonates exportees au volume de vides karstiques ; mais ce dernier, en
particulier, n'est connu que de maniere tres hypothetique. Dans Ie cas du bassin
experimental du Baget (Ariege), Ie calcul, toujours mene comme si l'agrandissement
annuel etait constant dans Ie temps, aboutit a des durees du meme ordre de grandeur
que ci-dessus [M. Bakalowicz 1979].
Approche thermodynamique
Le karst est parfois considere comme un systeme « ouvert », caracterise par des
processus irreversibles d'echanges avec I'exterieur de matiere et d'energie ; son
)
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entropie tendant a croitre jusqu'a l'achevement de la structuration des circulations
[A. Mangin 1982]. Par contre, pour P.Y. Jeannin [1996], la structuration des circula-
tions est significative d'une reduction d'entropie, puisque les echanges se font essen-
tiellement par consommation de l'energie potentielle de l'eau et perte de matiere [J.J.
Delannnoy 1997]. Cependant, « dans un karst, il y a une entropie liee a la tempera-
ture de la roche (on sait la calculer et elle est tres grande), et une entropie d' organi-
sation (on ne sait pas la calculer et elle est sans doute tres faible » [8. Lismonde
2000].
Hypotheses relatives a I'hydrogeologie
Existence d'un karst now?
Certes, « l'absence de nappe dans les calcaires », si souvent defendue par Martel
[1921] meme s'il admettait des exceptions [1. Choppy 1997], n'est plus credible.
Mais que peut-on dire de cette nappe?
« II semble qu'en matiere de speleogenese tous les auteurs sont d'accord sur la
presence d'un karst noye » [MANGlN 1975].
Sur la presence du karst noye, oui. En matiere de speleogenese, c'est moins evident!
I) II est vrai que les conduits noyes, parfois sur une grande profondeur, sont legion.
Et sous Ie niveau de base, a peu pres tous les vides, queUe que soit leur origine, sont
pleins d'eau. Mais l'existence actuelle de vides karstiques noyes n'implique pas
qu'ils l'aient toujours ete.
2) 'On verra ci-dessous qu'une morphologie consideree com me caracteristique d'un
regime noye ne I' est peut-etre pas.
3) Des phenomenes qui n' etaient pas toujours mis en relation avec Ie karst, autrefois,
se developpent effectivement en regime noye : karst hydrothermal, karst artesien,
creusement suppose a la limite eau salee - eau douce.
L'existence de cavites noyees a tout naturellement conduit a penser que leur creuse-
ment s'est fait en regime noye.
Hypothese d'une nappe phreatique occupant les conduits
O. Lehmann [1932] represente les circulations du karst comme une nappe phreatique
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occupant les conduits, soumise a un jeu de vases communicants, a laquel1e se super-
po sent quelques ecoulements torrentiels (figure 4).
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Fig. 4 - Schema des circulations dans Ie karst. S = circulation en ecoulement fibre, WF = cas-
cade (d'afires LEHMANN, 1932) (Diagram showing water drainages in karst.
S = vadose drainage, WF = waterfall)
La considerable permeabilite des massifs karstifies, encore plus importante dans Ie
reseau de conduits, qui semblait alors inconnue, exclut des nappes aussi pentees. Et
ce systeme n'inclut pas les nombreuses curiosites hydrauliques du karst: relations
entre reseau de fentes et conduits, circulations suspendues, superposees, etc. Ce
schema fait plut6t penser a un ennoyage, ce dont des preuves existent dans Ie karst
slovene.
Hyvothese d'une organisation en drain et systemes annexes
L' amont de la source intermittente de Fontestorbes (Ariege) a ete trouve dans I' aven
des Caoujous, distant de 1120 metres, sous forme d'oscil1ations de plans d'eau de
meme peri ode que les intermittences de Fontestorbes. Mais la montee de l'eau est
plus lente dans l'aven des Caoujous que la descente, alors que c'est I'inverse a
Fontestorbes. Cela ne semblerait pas illogique si l'aven des Caoujous se situait en
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amont du mecanisme d'intermittence. On ne peut Ie savoir car, si la circulation ali-
mentant I'aven des Caoujous, qu~ne presente pas d'intermittences, a pu etre exploree
[Hernandez 1984], son debit est beaucoup plus faible que celui de Fontestorbes [A.
Mangin 1995].
Or, si I'aven des Caoujous est en aval du mecanisme d'intermittence, les « reactions
du karst» entre celui-ci et I'exutoire sont surprenantes. Cela conduit A. Mangin
[1969] a proposer l'hypothese d'un drain, aboutissant a I'emergence, et de « sys-
temes annexes » organises de maniere ramifiee. Les « drains », conduits parcourus
par des circulations, se comportent « comme des reservoirs peu capacitifs mais trans-
missifs »*; ils drainent des « systemes annexes », « reservoirs tres capacitifs, mais
peu transmissifs dont ils assurent en outre les seules liaisons ». Ces systemes annex-
es sont « Ie siege d'ecoulements lents » ; ils ne sont pas « en relation les uns avec les
autres, mais tous en relation avec Ie drain ». Et, a I'interieur d'un systeme de 2e
ordre, des « systemes de 3e ordre sont en relation les uns avec les autres et I'un d'eux
est en relation avec Ie drain » (figure 5).
Exutoire
systeme de
1/ 3e ordre
7' drain principal
~ \. . ~-_/
systeme de syste¥e de
1er ordre fer ordre
\.....----------v
systeme karstique
Fig. 5 - Representation schematiqlle d'lIn systeme karstiqlle (d'apres MANG/N, /969)
(Schematic diagram of a karst system» EXLI/oire = water outlet)
« Les systemes annexes ne sont absolument pas synonymes de reseau de fentes et de
fissures. II existe a leur niveau des cavites de grandes dimensions (ainsi, sur Ie Baget,
* capacitif = qui peut contenir de l'eau ; transrnissif = qui assure la circulation de ['eau.
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des galeries de 4 metres de diametre sont situees dans Ie systeme annexe de la
Peyrere, Ariege) ». Les circulations entre les systemes annexes et les drains « peu-
vent s'effectuer avec de fortes pertes de charge (cas du systeme annexe du secteur de
PI5 sur Ie Baget) ou avec de faibles pertes de charge (cas du systeme annexe de la
Hillere sur Ie Baget, Ariege) » [Mangin 1975].
On peut se demander:
I) Comment une circulation peut-elle, avec une faible perte de charge, presenter une
faible transmissivite ?
2) Comment une organisation hierarchisee en drains et systemes peut-elle se mettre
en place? Car les phenomenes susceptibles de reduire ou d'a1terer la transmissivite,
des colmatages par exemple, sont aleatoires dans un karst.
3) II ne semble pas qu'on ait jamais observe une morphologie souterraine dont Ie
fonctionnement hydraulique puisse etre en drain et systemes annexes.
Etude des courbes de crue-decrue
Par I'etude de la courbe de decrue-tarissement au niveau d'une emergence, les
hydrogeologues cherchent a apprecier I'importance du reseau de fentes et du reseau
de conduits. II apparait d'ordinaire que Ie volume du premier est nettement Ie plus
important, mais la methode les distingue de maniere relativement arbitraire : des con-
duits isoles par un bouchon de sediments peu permeables seront compris comme des
fentes. Et les vides qui ne sont pas atteints par la crue sont ignores
L'etude de ces memes courbes par analyse correlatoire et spectrale a conduit A.
Mangin [1982] a classer des circulations souterraines selon qu' elles restituent les
precipitations avec un filtrage modeste (elles sont alors « bien drainees »), et celles
qui sont au contraire « mal drainees » (figure 6).
LLLL
Fig. 6 - Hydrogrammes-type de circulations, a gauche « bien draill/?es ", et de plus en plus
«mal drainees" en allam vers la droite (d'apres MANGIN, 1982) (Typical hydrograms show-
ing good drainage on the left and more and more bad drainage on the right.)
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Cette classification ne s'adapte qu'en partie a d'autres systemes :
Les hydrogrammes de la fontaine de Vaucluse (Vaucluse) peuvent etre de plusieurs
des types ci-dessus [J.M. Puig 1990].
- Dans Ie massif de la Sainte-8aume (80uches-du-Rh6ne - Val') ont ete retrouves
« tous les types de fonctionnement hydrodynamiques definis ... a partir des analyses
correlatoire et spectrale » [Ph. Martiin 1991J.
Les qualifications de « bien» ou « mal draine », dont la definition est hydraulique,
ne sont pas une mesure de la karstification. Car si la structuration progressive des cir-
culations karstiques en ameliore Ie drainage, d'autres causes, eventuellement transi-
toires, peuvent modifier I'hydrogramme.
Hypotheses relatives aux facteurs
Des « facteurs » geologiques et geographiques activent ou inhibent les processus.
Ra/e de /a Iitho/or:ie.
«Certaines regions de I'Himalaya se distinguent par I'absence de grottes dans Ie cal-
caire, parce que la roche a ete deformee a I' etat plastique et n' a donc pas ete fracturee
pour former des series de diaclases a partir desquelles les grottes auraient pu se
developper » [A.c. Waltham 1971]. Pourtant, apres avoir ete deformees de la sorte,
ces roches ont ete portees a I'affleurement par une surrection generatrice d'une neo-
fracturation ; la rarete des cavites, effectivement observee par d' autres auteurs,
devrait avoir d' autres causes.
On sait qu'en tant qu'aquifere, une roche est capacitive en raison de sa porosite (effi-
cace) ; mais elle n'est transmissive qu'en fonction de sa permeabi1ite.
Ra/e de /a tectonique
Depuis que I'on sait que la surrection est sou vent superieure a I'ablation karstique
[M. Julian 1992], l'hypothese d'un cycle karstique [A. Grund 1914], qui suppose un
relief essentiellement genere par des processus karstiques (figure 7), deja contestee
par J. Roglic' [1974], a perdu de sa credibilite. II en est de meme de la« surface d'a-
planissement karstique », dans la mesure ou elle est supposee constituer I'aboutisse-
ment de ce cycle.
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Fig. 7 - Schema du cycle karstique:
1. Karst jeune, dans les larges sll/jaces planes entre les dolines, la forme initiale est encore
reconna issabl e.
2. Karst adolescent, les dolines so/lt devenues plus grande.l" et nombreuses et sont pour une
part dejd coalesce/ltes.
3. Karst miir (karst d buttes), la forme initiale est dispante, de grandes dolines et ouvalas se
trouve/lt entre les buttes.
4. Karst view; (karst d buttes), entre les buttes, Ie pays est aplani, les buttes se dressent encore
en collines basses iso!ees au dessus d'une sl/lface residuelle ( d'apres A. GRUND. 1914; dans
la traductionfran(:aise de la legende de cette figure, la confusionfaite par I 'auteur entre cock-
pit et butte (karstique] a ere corrigee)
(Model of the karst cycle:
1. Young karst: In the extensive flat areas between the dolines, the original surface is still
recognisable.
2. "Adolescent" karst: The dolines have become larger and more numerous, and have already
begun to coalesce.
3. Mature karst ("cokpit" landscape): The original .I'll/face has disappeared; large doli/les and
uvalas lie between the "cockpit" hills.
4. Old karst ("cockpit" landscape): Between the "cockpit" hills the land has become evened
out. The hills, now isolated and low, still stand out above the residual plain that coming into
being.
In the English translation, the confusion made by the author between cockpit and (karst] cone
has not been corrected, but the word cockpit is in quotation marks)
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En cas de pend age eleve, l'eau penetre aisement en profondeur, mais on a pu croire
que sa concentration demeure mediocre, conduisant a un « deficit presque mondial
de grottes » [A.c. Waltham 1971]. La meme affirmation fut faite pour les massifs de
I' Alpette et du Granier (Chartreuse, Savoie) : lorsque Ie pendage excede 40°, « Ie
bassin versant est peu etendu; il y a donc peu d'alimentation et pas de creusement
possible» [Anonyme 1964]. Les explorations faites depuis dans Ie Granier ont revele
un important kilometrage de conduits souterrains. L'idee d'un role negatif du
pendage, qui resulte d'une image simplificatrice des surfaces de discontinuite
geologiques est encore contredite par de grandes grottes comme Ie H6lloch (Suisse)
ou Han-sur-Lesse (Belgique).
De plus, les conduits qui se developpent en « meprisant » apparemen les fractures et
joints de stratification, sont innombrables. En fait, ces surfaces de discontinuite ne
« controlent » (<< control» des publications anglophones) pas les circulations kars-
tiques. Au contraire, celles-ci les utilisent selon leur propre logique.
Correlations entre vhases tectoniques et creusement karstique.
La tentation est grande d'admettre que des phases de creusement dans Ie karst sont
en relation avec des evenements tectoniques ; la correlation etant meme assez precise
entre ceux-ci et Ie demarrage de la karstification pour pouvoir dater l'un par l'autre
[J. Demangeot 1965].
On a donc cherche a reconnaltre dans les directions de conduits celles des fractures
creees par la phase tectonique, d'abord par observation directe [H. Tintant 1958 ; L.
Kiraly 1968]. Ulterieurement R. Guerin [1973] procede par voie statistique, en
mesurant les directions de conduits souterrains sur les plans de cavites. Cette
demarche fut critiquee par S. Puyoo [1976], y. Callot [1979], A. Eraso et a!. [1983],
car:
- les fractures visibles dans les grottes, meme des failles, ne se retrouvent pas neces-
sairement en surface [COEk 1970] ;
- les galeries qui figurent sur les plans spcleologiques sont majoritairement etablies
sur des joints de stratification et non des fractures.
Des lors, considerer les directions de conduits comme comparables aux seules direc-
tions de fractures est une petition de principe ; de toutes fa~ons I' observation sur
place demeure indispensable. Et il est difficile de preciser l'epoque d'utilisation
d'une fracture ayant rejoue au cours de diverses phases tectoniques.
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Par une demarche inverse, on cherche a predire Ie trajet des circulations souterraines
a partir d' observations en surface, soit de fractures [S.E. Lauritzen 1989], soit pour
retablir les ellipsoi'des de contraintes [A. Eraso 1986]. Cette deuxieme approche
prend en compte Ie relief, la localisation des emergences, et I'on ignore ce qui con-
tribue aux resultats spectaculaires annonces. Ceux-ci ne se confirment pas quand la
methode est appliquee au reseau des Siebenhengste (Suisse - P.Y. Jeannin 1989].
L'effet d'une phase tectonique sera plutot de creer une charge hydraulique ; mais cela
n'entraine pas immediatement Ie creusement de conduits: intervient d'abord un
temps de latence durant Ie creusement d'un reseau de fentes, encore plus long s'il
doit comprendre Ie degagement d'une couverture. Et d'innombrables circulations
suspendues montrent qu'un retard dans l'adaptation des circulations souterraines et
aeriennes est habituel, meme avec une charge hydraulique importante.
Role du climat et du microclimat
A une epoque ou Ie role du climat etait considere comme Ie facteur essentiel deter-
minant les morphologies, H. Lehmann [1960] a defendu energiquement I' idee que les
formes des karsts de regions chaudes ne pouvaient etre decrites avec les noms
attribues aux formes temperees.
II faut en particulier revenir ici sur Ie karst a buttes, longtemps considere comme une
forme tropicale. Or des karsts a buttes plus ou moins frustes existent dans beaucoup
de regions temperees, et jusque dans Ie karst « classique » de Slovenie. Ce peut etre
un heritage. Mais si Ie karst a buttes est mieux developpe dans certaines zones cli-
matiques, il ne s'y developpe pas toujours ; tandis qu'une influence tectonique est
parfois indeniable [So Sebela 1998]. Et I'on a vu qu'une surrection pourrait y con-.
tribuer.
Dans un autre contexte, des cavites « cutanees » furent attribuees au creusement en
conditions periglaciaires dans une couche superficielle de terrain, lors du degel esti-
val [R. Ciry 1959]. Pendant ce delai, compte tenu de la conductivite thermique du
calcaire et de la chaleur latente de fusion de la glace, on ne peut escompter que Ie
degel depasse un ou deux metres d'epaisseur de roche, pour une duree de quelques
semaines. Et, comme la dynamique de reaction est reduite a basse temperature, un tel
creusement aurait necessite des conditions periglaciaires stables pendant des cen-
taines de milliers d'annees ; ce qui semble ne jamais avoir existe dans les regions ou
sont decrites les cavites cutanees.
Dans la region de Mo 1 Rana (Norvege), plusieurs cavites semblent avoir ete des
derivations souterraines de bedieres [G. Horn 1947]. J. Corbel [1957] pensait que
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l'eau proven ant d'un glacier ne creuse pas dans la roche, ce que contredit la grotte de
Gebroulaz (Savoie), dans Ie gypse.
Et la specificite de formes « climatiques» fut contestee [G.A. Brook, D.C. Ford
1976]. Certains aspects spectaculaires de karsts chauds sont-ils dus au c1imat ou
seulement a une karstification qui s'est poursuivie sans avatar pendant une longue
duree ? Du reste, si la distinction entre formes froides, temperees, tropicales humides
etait evidente, il y a longtemps que nous disposerions d'un catalogue!
Parmi les hypotheses proposees pour expliquer Ie chenal de voGte, certaines furent
micro-climatiques. En effet, des chenaux de voGte de section centimetrique furent
d'abord Merits en langue allemande, comme resultant d'un Wirhelheweglllzg (= mou-
vement tourbillonnaire) de ]'eau dans un plafond de gypse [H. Cramer, F. Heller
1935 - figure Sa].
a
b
Cheno{ de lIoute
(d"dU .w;r~.1t-so~;t)
r\ 800
Fig. 8a - Dans Ie gypse de Franconie (Allemagne), vue schematique du mouvement tourbil.
lonnaire de /'air (= Wirbel en allemand) dans un conduit lie a un joint de stratification
(d'apres CRAMER, HELLER 1935) ({n the Franconian gypsum (Franken), Germany,
schematic vielV oflVhirllVind (= Wirbel in german in a passage linked to a bedding plane.)
Fig. 8b - Grotte du « Wirbel» (Haute-Savoie), vraisemblablement denommee par assimilation,
vue cavaliere de la zone d'entree. « Les chenaux de voute ne s'observent qu'all voisinage des
entrees. En profondeur i1s s'atrophient en s'elargissant et sefondant ala voute ... en ete /'air
challd entre par Ie haut de la galerie et de I'eau se condense. l/ y a alors corrosion. L'airfroid
ressort par Ie bas ». (d'apres MARTINI, 1960) (Grotte du Wirbel, Haute-Savoie, France. The
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name probably comes by assimilation. View of the entrance zone. « Ceiling channels can only
be seen near the entrance. Deep in the cave, they degenerate, get larger, and tend to merge
into the ceiling itself. .. /n sUinmer warm air enters the cave by the top of the passage and water
condenses. Then there is corrosion. Cold air gets out at the hottom of the cave)
Puis J. Martini [1960 - figure 8b] decrit Ie chenal de voGte (traduction de l'expres-
sion anglaise « ceiling channel» que I' on trouve dans J .H. Bretz [1956]) com me se
rencontrant seulement dans des entrees de grottes.
Certes, quand des depots glaciaires obturent une entree de cavite (exemple de la
Balme de Cluses, en Haute-Savoie), I' eau va plutot creuser dans la voGte pour ressor-
tir au jour, mais ce n'est pas exclusif. Car les temoins de sediments limitant la base
du chenal de voGte sont assez nombreux, meme loin des entrees, pour attribuer celui-
ci a un creusement ascendant [Ph. Renault 1958]. Un tel surcreusement a partir d'un
« tube» initial est du reste admis par J.H. Bretz [1942].
Hypotheses sur Ie debut de l'evolution karstique
Le tout premier develo{Jpement
Pour e. Megnien [1964], Ie creusement du reseau de fentes se fait en ecoulement
laminaire, tandis que les conduits se creusent en ecoulement turbulent. Cette
hypothese est reprise par des anglophones * comme S.R.H. Worthington r 1991],
e.G Groves et A.D. Howard [1994], chez qui Ie « early karst system develop-
ment » est en pratique Ie creusement du reseau de fentes. Mais ces auteurs notent
que, dans les deux types d'ecoulements, la vitesse d'accroissement des vides kars-
tiques ne peut etre calculee, compte tenu de tous les elements entrant en jeu : « Ie
debit et la composition de l'eau, la geometrie com me la largeur des passages et
leurs relations avec leur alimentation et leur evacuation » [e.G Groves et A.D.
Howard - 1994] ; ils s'en remettent a une modelisation pour comprendre comment
les circulations evoluent.
Le modele qu'ils proposent pour l'ecoulement laminaire (figure 9) comporte une
charge hydraulique de 40 metres pour une longueur de 750 metres entre I'entree
et la sortie, soit une pente d'environ 5 % sur l'horizontale. Les vides ont un
diametre initial de I millimetre. Le diametre final maximum est de l'ordre de 7
millimetres a I'entree, et diminue vers la sortie, approximativement selon une
fonction exponentielle negative. Le debit de sortie est multiplie par environ 60
* Les hypotheses sur Ie creusement karstique developpees par des auteurs anglophones ont
ete reprises dans National Speleological Society [2000].
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pendant la duree de fonctionnement (qui, par effet d'echelle, correspond a 4 100
annees).
a.
Fig. 9 - Vue en plan de l'essai 1 montrant les debits initial (a) et final, c 'est-a-dire au debut
de l'eCOlllelllent turbulent (b) (d'apres GROVES, HOWARD 1994 (Section view of run 1
showing (a) initial and (b) final discharges at onset of turbulence).
Ce modele presente une entree d'eau concentree et debouche sur une sortie unique
(un autre modele, mis en oeuvre par ces auteurs, comporte plusieurs entrees iden-
tiques superposees). Pourtant, au debut du developpement karstique, la pluie
tombe sur un massif encore indemne de toute karstification, et I' eau ne dispose
pas davantage d'une sortie unique. De plus, malgre la faiblesse des diametres, il
n' est pas question de capillarite dans ce modele.
Plus generalement, P.Y. Jeannin [1996] met I' accent sur I' ecart entre les circula-
tions karstiques observees et les modeles destines ales representer. Cet ecart
apparalt plus grand encore dans la mesure ou ces modeles s' inspirent d'hypothes-
es qui sont discutees ici. Et faut-il rappeler qu'un modele n'est pas une demon-
stration ?
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Les hypotheses classiques sur La karstification initiaLe
Puisque la vitesse de circulation est rap ide dans les conduits et lente dans les
fentes [E. de Martonne 1926], Ie karst est Ie siege d'une « double circulation»
[Ph. Renault 1959]. Cette notion est bien connue des hydrogeologues, car elle se
verifie aisement, Ie debit et Ie chimisme des deux circulations etant differents.
Or la plupart des auteurs ayant cherche a comprendre Ie debut de la karstification
n' ont pas tenu compte de ce qu' il fallait expliquer cette double circulation. Et ils
admettent implicitement cet expose mille fois entendu : « en traversant l' atmo-
sphere et Ie sol vegetal, I'eau des precipitations dissout du C02: elle arrive agres-
sive au contact du calcaire, en elargit les fentes : certaines de ces fentes s'agran-
dissent jusqu'a devenir penetrables a l'homme, ce sont les reseaux
speleologiques ». Autrement dit, ces auteurs supposent que les conduits se
creusent sans aucun prealable.
Pourtant, si l'on doit admettre la coexistence d'un reseau de fentes et d'un reseau de
conduits, on ne voit pas comment ils auraient pu se creuser en meme temps : Ie
reseau de fentes est necessairement anterieur au reseau de conduits qui, grace a une
vitesse de I' eau plus rapide, tend a confisquer toutes les circulations. Une etude sur
modele ne prenant pas en compte cette evolution est difficilement credible.
E.A. Martel [ 192 J] a toujours defendu la notion de « riviere souterraine », expres-
sion qu'il faudrait expliciter car elle ne represente qu'une modeste proportion de
la diversite des circulations et des formes karstiques ; et il n'a pas explique com-
ment pouvait se passer Ie debut du cavernement. Mais sa pen see n' etait pas aussi
monolithique qu'on pourrait Ie croire. Car il fut l'un des premiers a decrire des
formes comme creusees en regime noye: au Mas Raynal (Aveyron - 1894), dans
la grotte de Miremont (Dordogne) et dans celie de Mitchelstown (Irlande - 1897),
dans la grotte de La Balme (Isere - 1899), dans Ie Traouc (Aveyron - 1930). De
meme, chez J. Cvijic' [1927], on trouve de loin en loin I'idee d'un creusement
ayant pu se faire sous Ie niveau de base. Et ils sont a peu pres certainement les pre-
miers a avoir interprete des formes pouvant y correspondre.
Par un cheminement de pen see dont on trouvera I'historique chez J. Roglic'
[1972], A. Grund [1903] aboutit a l'hypothese que les conduits karstiques se sont
creuses dans la zone saturee. On verra egalement comment W.M. Davis y a
adhere, mais cela est surtout explicite dans sa publication de 1930, OU il integre de
fa<;on claire les cavites noyees dans une hypothese sur I' origine des cavernes cal-
caires. Adaptant un schema de FH. King [1899] relatif aux roches a permeabilite
d'interstices, W.M. Davis [1930] fait l'hypothese d'un creusement debutant en
regime noye (<< phreatic» - figure 10) selon des trajets courbes, et se poursuivant
en ecoulement libre «< vadose ») apres une descente du niveau de base.
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Fig. 10 - Vue en elevation de quelques-unes des /ignes de courant courbes supposees dans les
circulations karstiques, avec elargissement des swfaces de discontinuite geologiques •.la /igne
en tirete represente la surface piezometrique •. echelle verticale en pieds (d'apres DAV1S,
1930) (Cross section of afew supposed curved current/ines in karst drainages, with a widen-
ing of geologic discontinuities. The dOlled line is the piezometric slllfaee).
Selon A.c. Swinnerton [1932], les roles joues par les diverses lignes de courant
courbes ne sont pas identiques, car « la circulation de I'eau dans les roches est ana-
logue a un systeme de potentiels » ; des lors la resistance hydraulique s'accrott donc
quand la ligne de courant s'allonge ; autrement dit « la direction de moindre resis-
tance est la plus courte », c' est-a-dire la ligne droite (figure II). Et diverses obser-
vations de terrain montrant que la densite des diaclases est decroissante avec la pro-
fondeur, Swinnerton en deduit que I'essentiel du creusement se fait « au des sus et
dans la partie superieure de la nappe phreatique ».
Ces observations sont val abIes meme dans Ie cas d'une permeabilite d'interstices.
Par contre, la ressemblance des lignes de courant courbes avec celles d'un « flux
d'electricite» [C.S. Slichter 1899], eomme dans la methode geophysique du sondage
electrique, est un faux-semblant car Ie deplaeement de l' electricite, dans des roches
moins fraeturees et impregnees d'une eau moins mobile, done plus mineralisee,
benefieie d'une eonductivite eroissante avec la profondeur. Et c'est Ie eontraire pour
la circulation de I'eau.
REVISION DE QUELQUES HYPOTHEsES SUR LE CREUSEMENT KARSTIQUE
------ ------
51
Fig. 11 - Schema des charges hydrauliques d'une circulation d'eau. (d'apres SWINNERTON,
1932)(Diagram of Water-flow Potentials. The volume of water (A) is actuated by the head (h)
to flow in all possible paths toward the outlets. Flow is resisted in all the directions but is
resisted last in the shortest path (l) most in path (3). The water (A) will divide itself into
amounts proportionate to the ease of flow. Homogeneous rock and uniform distribution of
joints are assumed)
Sous I'influence de la charge hydraulique (H), Ie volume d'eau (A) est conduit a
couler dans tous les chemins possibles vers l'emergence. Selon toutes ces directions,
une resistance hydraulique s'oppose a la circulation, mais elle est plus faible selon Ie
chemin (1) que selon Ie chemin (3). L'eau (A) va automatiquement se diviser dans
les memes proportions pour circuler aisement. On suppose une roche homogene et
une distribution uniforme des diaclases », donc une conductivite constante.
Par ailleurs, Ie creusement en regime noye suppose par W.M. Davis [1930] est con-
tredit par I'application d'une loi physique: selon Ie theoreme de BERNOULLI, dans
un conduit, en l'absence de frottements, la charge hydraulique H (en metres dans la
formule ci-dessous) est constante en regime noye Ie long d'une ligne de courant.
H = p/r.g + V212g + z = Cte.
avec p: pression (pascal = kg/m.s2)
r: masse volumique de I'eau (kg/m3)
g : acceleration de la pesanteur, soit 9 metres/seconde2
v: vitesse de l'eau (m/s)
z : altitude (m)
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Fig. 12 - (d'apres
FOURNEAUX 1994)
Figure b:
Remplissage non
hcnnogene du musif
au debut de I'averse.
Non homogeneous
filling up of the
massif at the storm
b"ginning. Legende,
It'gmd : d. fig. a.
Figure a:
Etat de saturation du
massif avant ]'averse.
Satu.ati ••••sihulti ••••
of tlu massif befou
stonn. a : zone .edte
ou non .sturee, dry
zOne or non satura-
ted zone. b : zone
saturee, saturated
zone. C : imper-
meable, impnvious.
d : source, spring.
Certes, seion cette formule, ['energie dynamique d'une circulation descendante dans
un conduit devrait permettre a ['eau de franchir Ie niveau de base. Avec les plus fortes
vitesses habituelles mentionnees ci-dessus, soit environ 4 metres/seconde, on calcule
que cette possibilite n'atteint pas tout a fait I metre; bien entendu, a condition que
Ie conduit se poursuive sous Ie niveau de base.
S'il n' existe pas encore de conduit, aucune circulation ne peut progresser sous Ie
niveau de base. meme avec des vitesses plus importantes. Et il ne peut y avoir de
creusement, au moins dans Ie cas general. Enfin, a un metre sous Ie niveau de base,
la reduction de la viscosite de ['eau liee a son echauffement (WORTHINGTON
1991) ne peut evidemment intervenir.
Souhaitant conforter I'hypothese d'un creusement sous Ie niveau de base,
FOURNEAUX [1994 - figure 12] ecrit : « a ['instant to, avant I'averse, la pression
aux points a et best egale a la pression atmospherique. Au temps t I, lorsque la
recharge atteint Ie point a, la pression devient egale a H, c'est-a-dire a la hauteur de
la colonne d' eau. Mais la pression en b reste egale a la pression atmospherique ».
Le niveau de I'imper-
meable localisant la
source de la figure 12
doit etre considere
com me Ie ni veau de
base, donc celui d'af-
fIeurement de la surface
piezometrique (represen-
tee figure 10). Plus bas,
tous les vides sont pleins
d' eau et, si la vitesse de
I' eau est nulle, Ie terme
p/r.g + z de la formule de
BERNOULLI est con-
stant : quand I'altitude
decroit, la pression aug-
mente. La pression dans
la zone saturee est donc
toujours superieure a la
pression atmospherique.
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R. Rhoades et M.N. Sinacori [1941] adaptent un schema initial selon des trajets
courbes. Pour ensuite Ie faire co.incider avec Ie fait d' experience que les conduits sont
globalement pentes en direction de l'emergence, ils supposent que la dissolution se
concentre progressivement dans les trajets les plus directs et dans ceux directement
connectes a l'emergence. La reunion des cavites elementaires qui se creusent ainsi Ie
long des lignes de courant aboutirait au creusement d'un col1ecteur faiblement pente
vers l'emergence, se developpant de l'aval vers l'amont (figure 13).
SURFACE DE SATURAnON AJUSTEE
ADJUSTED WATtR TAIILt
SURFACE DE SATURAnON INITIALE
--- OIttGINrL ATt" TA"Lt
- •.. •.....
' .
......, E
MASTER CONDUIT
COLLECTEUR
ADJUSTtD rLOW LINtS
LIGNES DE COURANT AJUSTEES
Fig.13 - Stade 1Iiterielir
de (Jeveloppement du
collectellr et ajustemellt
conseClltij des !ignes de
courant ». E = emer-
gence 13 (d'apres
RHOADES, SINACORI
1941) (Later develop-
ment of a master con-
duit and corresponding
adjustmellt of lines of
flow. E = spring)
On peut enfin se demander si I'hypothese d'evolution de W.M. Davis [1930], ou
cel1es qui en sont derivees, peuvent etre considerees comme universelles. Poser la
question [K.H. Pfeffer 1995], c'est deja y repondre ! Du reste J.H. Bretz [1942]
admettait que certaines cavites s'etaient creusees uniquement en ecoulement libre.
Aspects momhologiques des creusemellts « phreatique» et « vadose»
J.H. Bretz [1942] donne une classification des formes de creusement souterraines se
referant a l'hypothese de W.M. Davis [1930].
II considere com me « phreatiques » les reseaux-eponges, les reseaux mailles, des
salles horizon tales creusees Ie long de strates fortement redressees, les anastomoses,
les coupoles, des formes en « poche », les plafonds ou les parois determines par une
diaclase (notamment les diaclases transversales), les tubes (dont il attribue cette
interpretation a Clyde Malott), les arches rocheuses souterraines.
Et, pour les circulations « vadoses », elles determineraient les meandres entaillant les
parois, la rainure de niveau, Ie dome-pit et ses cannelures, les coups de gouge, les
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marmites de geants ; puis, en eaux stagnantes, Ie boxwork, les dissolutions affectant
les joints stylolitiques et des blocs tombes.
Certains aspects de ce classement peuvent paraitre contestables : il ne permet pas de
comprendre I'existence d'anastomoses, de pendants dans Ie lit rocheux de cours
d'eau aeriens, comme I' Ardeche par exemple, ou des entrees de grottes (perte de
Minerve, Herault; Mitchelstown Cave, Irlande). Pour les cannelures souterraines,
elles semblent resulter de processus assez divers, et ne peuvent par elles-memes con-
stituer une preuve d'ecoulement libre.
Du reste, « les formes les plus remarquables des conduits [que I'on peut] supposer
lies aux crues sont precisement celles considerees depuis des decennies comme indi-
quant une origine phreatique des grottes ... La confusion avec un developpement
phreatique reel est comprehensible, puisque Ie regime de crue peut etre considere
comme un retour aux conditions "phreatiques" dans la partie inferieure de la zone
vadose» [A.N. Palmer 1972]. Deja E.A. Glennie [1950] admet que les conduits
« vadoses » peuvent acquerir la forme caracteristique de ceux qui sont « phrea-
tiques ».
Les idees des auteurs americains ont ete tardivement vulgarisees en France, par J.
Corbel [1951], puis B Geze [1965]. Elles ont d' ordinaire ete reduites a une opposi-
tion entre les formes se rapprochant du tube ou resultant d'une dissolution differen-
tielle, reputees « phreatiques », et les formes de surcreusement vertical, considerees
comme « vadoses ». Or ces surcreusements se rencontrent aussi dans les conduits
actifs suspendus, sans relation prouvee avec une descente du niveau de base.
Dans l'intervalle, P. Chevalier [1944] avait distingue deux actions essentiellement
mecaniques : d'abord Ie creusement sous pression, examine ci-dessus, puis une «ero-
sion normale, en ecoulement Iibre », surtout tributaire de la gravite. Ces idees,
proches de celles des auteurs americains suscitent les memes objections. Puisque la
mise en solution est toujours Iiee au contact de l'eau et de la roche, aucune forme de
dissolution ne peut etre specifique d'un fonctionnement en ecoulement libre ou en
regime noye. Le changement de regime d'ecoulement est donc inefficace en soi, et
ne peut expliquer Ie « meandre » decrit par P. Chevalier, dit maintenant « en trou de
serrure » ; celui-ci resulte en fait, Ie plus sou vent, du recul d'une cascade.
Le «Four-state Model» de D.C. Ford et R.O. Ewers [19781
Selon la figure 14, qui se presente comme une proposition de synthese d'hypotheses
precedentes, les profils en long des conduits doivent etre en escalier, eventuellement
en montagnes russes, lorsque les surfaces de discontinuite geologiques sont rares ; et
presque rectilignes, donc directement sous la surface de la nappe, lorsqu'elles sont
denses. La vocation de la figure 14 est donc d'exprimer que, moins les surfaces de dis-
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continuite sont denses, plus la circulation initiale devrait descendre en profondeur ;
autrement dit, plus la permeabilite est faible, plus I'eau descend profondement !
Dans la pratique, on constate l'inverse : on trouve des profils en long en montagnes
russes dans les karsts de montagne, donc quand les fractures sont denses [dans Ie
Holloch en Suisse - A. Bogli 1980, par exemple]. Et des profils en long a pente
reguliere ne sont pas necessairement lies a l'abondance de fractures, ni a la surface
de la nappe, meme lorsqu'ils n'utilisent pas un joint de stratification.
Pour les auteurs, Ie schema de la figure 14 aurait aussi une valeur evolutive,
puisqu'ils parlent de « Four-state Model », faisant l'hypothese que la fracturation et
la dissolution lente des petites fissures augmentent au cours du temps.
Pour P. Chevalier [1944], on l'a vu ci-dessus, une circulation en regime noye n'est
pas tributaire de la gravite. A l'inverse D.C. Ford [1971] admet qu'elle suit frequem-
ment un joint de stratification selon la ligne de plus grande pente (figure 15).
Pourquoi selon la ligne de plus grande pente ?
IIATH'I'PHRUTIC CAiE
grotte blIthyphr6atlque
ID£AL IlllU"PTAIIlE CAIE
llrotte IdNIe
de eurfllCll de nappe
Figure 14 - En regime Iloye,
"Les quatre stades de
frequence de fissures sont
representes dalls Ie cas de
strates fortement pentees, et ou
les sorties du systeme sont dalls
I'aval-pendage. Les systemes
qui se sont developpes dans les
stades 1 et 4 sont representes.»
(d'apres FORD, EWERS 1978).
(The four state of fissure fre-
quency drawn for the case of
steeply deeping strata where
the system outlets are in gener-
al direction of true type.
Developed systems for states 1
and 4 are shown)
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Fig. 15 - Des familles de "tubes de pendage" (de direction proche du pendage vrai) dans des
joints de stratification, ereu.wis successivement, sont les elements souterrains de base, a par-
tir desquels sont construits beaucoup de reseaux de dimensions explorables. 1/ sont sou vent
cOllnectes par des "cheminees de diaclases" par lesquelles les eaux souterraines montent du
joint de stratification injerieur (a) jusqu'au superieur (b) (d'apres FORD, EWERS 1978)
(Families of "dip tubes" (oriented proximate to true dip) in successive penetrate bedding
planes are the basic cave units from which many cave systems of explorable dimensions are
built. They are connected commonly by "joint chimneys" up which groundwater flows from a
lower plane (b) to a higher plane (a))
L'hvpothese du creusement initial en un point favorable
Des observations de terrain et des raisonnements theoriques ont conduit W. Maucci
[1952] a supposer que la karstification peut debuter par Ie creusement d'un puits a
l'interieur du massif, en partant d'un point singulier lie a la structure geologique.
Sans qu'il y ait de relation, semble-t-il, la meme hypothese se retrouve ailleurs. La
cavite correspondant dite : « fuseau » [W. Maucci 1952 - figure 16], « puits pri-
maire» [Y. Quinif 1975], se serait creusee a partir d'un « foyer» [«foci» en anglais
- OJ. Lowe 1992]. Chez ce demier, Ie creusement debuterait au niveau d'un « incep-
tion horizon », defini comme « tout element d'une sequence carbonatee, litho-strati-
graphiquement contr61ee qui, en raison d'une difference physique, lithologique,
chimique par rapport au facies carbonate predominant dans la sequence, favorise pas-
sivement ou activement ('inception [= Ie debut] de I'activite de dissolution ». Com me
I'auteur Ie dit, cette definition n'apporte aucun concept nouveau; elle omet par con-
tre I'influence des fractures et celie, plus rare, d'une porosite efficace de la roche.
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Fig. 16 - Section d gauche, d'un fuseau initial, et d droite, d'une « cavite jellne » par ollver-
tlIre d'lInfliseali dl'exteriellr (d'apres MAUCC11952) (On the left, cross section of an initial
aven, and on the right, cross section of a «young cave» by opening of 0 oven)
Aucun de ces auteurs ne dit comment la cavite embryonnaire, par definition isolee
dans un milieu presqu' impermeable, est alimentee puis drainee ; c'est-a-dire com-
ment elles peut se creuser, puisqu'il n'y a de creusement que par la circulation. Des
formes observees ailleurs, que l' on pourrait considerer comme comparables, ont ete
interpretees comme secondaires [C.A. Malott 1938 ; S. Jaillet 1995].
Dans des mines, ont ete decrites des « cavites non integrees » [non integrated caves
_ D.C. Ford et R.O. Ewers 1978], c'est-a-dire apparemment qui ne sont pas reliees a
un reseau. Ces auteurs admettent qu'elles resultent de « processus diagenetiques,
syngenetiques, etc. » ou de la « conjonction de ces processus avec la dissolution par
des eaux meteoriques », autrement dit qu'elles sont au plus secondairement kars-
tique. Dans les conditions meme de leur decouverte lors de travaux miniers, il est
pratiquement toujours impossible de demontrer que ces cavites sont independantes
de toute autre systeme de vides karstiques.
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Variations du niveall de base
L'explication proposee pour la quasi-totalite des evolutions de systemes kars-
tiques est basee sur une descente du niveau de base. Si des descentes du niveau
de base sont effectivement responsables de tres nombreux etagements de con-
duits, il est moins certain que chaque « stationnement » du niveau de base soit
correlable avec un niveau de circulations, puisque celles-ci demeurent sou vent
suspendues.
Mais les descentes du niveau de base general alternent avec des montees, de sorte
que la distinction entre des circulations se poursuivant ou non sous Ie niveau
marin, dites « holokarstiques » ou « merokarstiques » [1. Cvijic' 1925], n'a plus
de signification.
Comme les terrasses d'erosion des rivieres sont des temoins de descentes du
niveau de base, elles peuvent etre correlables avec des niveaux d'emergences.
Pour les terrasses d'accumulation, qui sont des temoins d'ennoyage, une correla-
tion sembi able [B. Geze 1958] suppose qu'un processus d'erosion (Ie creusement
d'un conduit) est tributaire d'un processus de sedimentation exterieur (Ie depot
de la terrasse) ; tandis que des conduits existaient deja a des niveaux inferieurs !
Evolution de formes superficielles
Selon une hypothese, due pour une part a 1. Cvijic' [1927], les dolines
« representent Ie premier effet de la karstification », I'eau s'evacuant par les fis-
sures de la roche. Comment celles-ci, supposees non encore elargies, pourraient-
elles evacuer l' eau et les materiaux qui s' accumulent au fur et a mesure du
creusement de la doline ? Les formes karstiques superficielles sont necessaire-
ment secondaires par rapport a celles du karst profond.
1. Cvijic' [1927] suppose encore que les dolines s' elargissent progressivement et,
par coalescence, donnent naissance a des depressions karstiques plus volu-
mineuses : ouvalas et poljes. Certes les poljes se sont etablis dans des depres-
sions tectoniques, mais ils sont plus vastes « grace a un large developpement des
ouvalas, grandes et petites ». II n'explique pas en detail comment se produit cette
coalescence, dont des ex em pies sont tres rarement signales. Et Ie phenomene est
conteste par 1. Roglic' [1939 J.
1. Cvijic' [1927] s' opposait a la notion de doline d' effondrement, considerant que
toutes les dolines etaient de dissolution. A I' inverse, pour quelques auteurs [Po
George 1948, P. Birot 1966], les canyons resultent presqu'automatiquement de
I'effondrement de conduits souterrains.
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Les classifications des karsts
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Les nombreuses tentatives de classification des karsts ne sont pas, comme on
pourrait s'y attendre, issues de syntheses successives permettant de rattacher des
criteres morphologiques aux categories proposees. Si la notion de facteur est sous-
jacente a toutes ces classifications, les observations liant la karstification aces
facteurs sont rares.
Les reserves emises ci-dessus sur ce que l' on sait du role du climat conduisent a
considerer avec prudence meme ce que l' on croit savoir des formes superficielles.
Notamment dans des karsts etages en raison de leurs altitudes croissantes, les
expressions de fluvio-karst, nivo-karst, glacio-karst, sont frequemment
employees.
Ces expressions sont ambigues : par exemple, selon les auteurs, Ie glacio-karst est
Ie fait que l' eau de fonte du glacier intervient a l' aval sur les processus karstiques ;
ou bien l' action conjointe des phenomenes glaciaire et karstique ; ou encore une
succession d' actions glaciaires et karstiques alternees, donc une evolution. Or,
dans beaucoup de regions, les trois definitions peuvent s'appliquer. Pour qu'une
region puisse etre qualifiee de glacio-karst, il faudrait qu'une proportion majori-
taire de formes souterraines et superficielles soient glacio-karstiques. La meme
difficulte existe pour Ie nivo-karst.
Le fluvio-karst est celui ou des circulations superficielles demeurent actives mal-
gre la karstification. Chez divers auteurs, ce sont les circulations suspendues parce
qu'en position de karst barre, les bassins fermes, les poljes, les surfaces d'a-
planissement actives; les karsts polygonaux. Et Ie fluvio-karst s'etend bien enten-
du aux regions ou des couches karstifiables s'intercalent avec d'autres qui ne Ie
sont pas.
Que reste+il au karst? Faut-il admettre que tout karst est un fluvio-karst, ou que
l' expression fluvio-karst est creuse ?
La distinction entre karst de montagne et karst de plateau [N. Llopis Llado 1950]
n'est pas toujours aisee : certains karsts de plateau sont d'altitude superieure a
d'autres qualifies de montagnards. Et les classifications en fonction du relief
oublient d'ordinaire Ie karst de plaine [D. Balazs 1977].
Des subdivisions ont ete proposees selon Ie nombre de phases intervenant dans la
mise en solution des diverses roches [A.A. Cigna 1978]. Des indications concer-
nant Ie gypse [PoForti et E. Rabbi 1981] ou des roches entierement siliceuses de
la Montagne de Table (Pologne) conduisent a penser que des actions biologiques
ou des processus chimiques mal connus peuvent intervenir dans la mise en solu-
tion de roches assez diverses.
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Conclusion
Beaucoup de reconstitutions du creusement karstique ont ete faites par reference
a des hypotheses dont Ie present article note qu'elles sont hasardeuses. Le risque
est alors d'attribuer a un type de fonctionnement ce qui resulte peut-etre d'un
autre. II serait facile de multiplier les exemples ; je m' en tiens a deux, resultant de
l'hypothese d'un creusement successif en regime noye, puis en ecoulement Iibre
[W.M. Davis 1930 ; P. Chevalier 1944] :
Cette hypothese conduit presqu'automatiquement a considerer comme datant d'un
passe hypothetique un conduit fonctionnant en ecoulement libre, sans se poser la
question de savoir si sa genese ne serait pas possible dans les conditions actuelles.
Et, puisqu' il est maintenant denoye, on va rechercher quelle fut la descente du
niveau de base permettant de I'expliquer.
Presque tout ce qui resulte d'ennoyages fut compris comme resultant d'un
fonctionnement« phreatique» initial; ce qu'exprime la celebre phrase « Tous
les karsts sont des Florides soulevees » [PoBirot 1954], alors que la Floride est
vraisemblablement un karst ennoye, G. Chabot [1927] Ie notait deja.
Certaines des hypotheses examinees dans cette note occupent une place impor-
tante dans la vision du creusement karstique la plus generalement admise ; et l' on
comprend qu' elles semblent des lors tres difficiles a abandonner.
Si l'on ecarte ces hypotheses, il faut reconstruire, c'est-a-dire mettre en place un
autre ensemble d'hypotheses. Ce a quoi je m'emploie. Puis d'autres abattront ces
murs * que je tente d' edifier.
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ABSTRACT
The luminescence of calcite speleothems displays an exponential dependence on soil temper-
ature unless there is a dense cover of forest over the cave to dampen it. This relationship is
determined primarily by the strength of solar visible and infrared radiation. It is suggested that,
as a consequence, the microzonal variations of luminescence often found in speleothems can
be used as a proxy index of Solar Insolation.
The luminescence solar insolation proxy record of a speleothem from Jewel Cave, South
Dakota, USA, was found to display millenial and centennial cycles in the record. It exhibits a
rapid increase in solar insolation at 139 :t 5.5 kyrs. This increase precedes that suggested by
the Orbital theory by about 10,000 years and is due to superimposition of the most powerful
cycle in solar luminosity of 11.5 kyrs, upon the curve of orbital variations. The record from a
speleothem in Duhlata Cave, Bulgaria matches that of South Dakota within the limits of dat-
ing error, indicating that both of these records (which are 10,000 km apart) measure global
solar insolation controls rather than local paleotemperature variations.
Keywords: glaciations, sea level, records, speleothems.
Introduction - Theoretical considerations.
It has been suggested that the theoretical orbital variation curves explain about one
half of the signal in the proxy paleotemperature records extracted from published
deep sea and polar ice cores (Imbrie et aI., 1992, 1993). The unexplained remainder
may be due to long-period self-variation in emission from the sun itself (i.e. in solar
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luminosity - SL).
The Orbital Theory makes two basic assumptions:
I) solar luminosity is constant during geological spans of time.
2) the earth behaves as an unvarying solid body independent of its
orbital variations.
Recent studies suggest that both of these assumptions may be incorrect. Direct satel-
lite measurements of the solar constant have found that it has varied by as much as
0.4% during the comparatively brief period of observation and thus might vary much
more during geologically significant time spans (Hickey et aI., 1981). Increase of the
volume of ice and the related changes of sea level during glaciations produces change
in the inertial moment of the Earth, resulting in changes in its speed of rotation
(Tenchov & Tenchov, 1993). These changes must affect the amplitude and, possibly,
the frequency of the orbital variations. In turn, variations of the orbit may cause some
deformation of the solid Earth and redistribution of its ocean masses (Moerner J 976.
1993). As a result, the theoretically calculated orbital curves should be used only as
broad qualitative guides to global climate change. For quantitative correlation it is
necessary to seek field records of solar insolation because these will also reflect vari-
ations of solar luminosity and other possible effects not covered by the orbital theo-
ry.
Until recently there have been no quantitative proxy records that could demonstrate
the magnitude of variations of solar luminosity over geological timescales. Shopov
et al.. (1994) have explored one potential type of record. Calcite speleothems (sta-
lagmites, etc) usually display luminescence that is produced by calcium salts of
humic and fulvic acids derived from soils above the caves (Shopov 1989; White and
Brennan 1989). These acids are released by the decomposition of humic matter.
Rates of decomposition depend exponentially upon soil surface temperatures that are
determined primarily by solar infrared radiation (Shopov et aI., 1994). Therefore,
microzonal variations in the luminescence of speleothems can be used as an indirect
measure of the solar activity index, SA (Shopov & Demendjiev, 1990).
Results and discussion.
We have measured a luminescence solar insolation proxy record in a speleothem.
JC II. from Jewel Cave, South Dakota, USA. The record covers the period, 89,300 -
138.600 years BP. as determined by six TIMS Urrh ages with 2 sigma errors of 0.8
- 5.5 kyrs. Resolution of the luminescence averages one point per 34 years and pre-
cision of measurement is better than I%. There are millenial and centennial cycles in
the record. It exhibits a rapid increase in solar insolation at 139 :t 5.5 kyrs which is
responsible for Termination II (Fig. I), the close of the penultimate global glaciation.
This increase precedes that suggested by the orbital theory by about 10,000 years and
is due to the most powerful cycle in solar luminosity, that with a duration of 11.5
kyrs, being superimposed upon the curve of orbital variations. The Devil's Hole,
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Nevada, 180 record from a thermal water calcite deposit also suggests that
Termination II commenced about 140:!: 3 kyrs (Winograd et a!., 1992) and it follows
the shape of our solar insolation record precisely. The Devil's Hole findings do not
disprove the orbital theory, as has been suggested by others, but do support our con-
tention that the contribution of variations in solar luminosity to terrestrial solar inso-
lation curves is being seriously underestimated. Millennial solar luminosity cycles
thus can produce climatic variations with intensities comparable to those caused by
orbital variations, and operate on earth's climate by the same mechanism.
We have also measured the luminescence solar insolation proxy record in a
speleothem from Duhlata Cave, Bulgaria (Fig.l).
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Figure 1- (Upper) The theoretical insolation curve compared to Devils Hole (DH-11), Vostok,
and SPECMAP stack stahle isotope curves (Winograd et aI., 1992). Shading represents high
sea level stands (at or above modem levels). (Lower) Jewel Cave (South Dakota) JCll. lt is
TlMS UlTh dated in 6 poillts with 2 sigma error varying from 0.8 kyrs (for 89.3 kyrs) to 5.5
kyrs (for l39kyrs).
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It covers the last 250,000 years with a resolution between 250-450 years and is dated
by four TIMS dates. The record matches that of JC II in South Dakota within the lim-
its of dating error, indicating that both of these records (which are 10,000 km apart)
measure global solar insolation controls rather than local paleotemperature varia-
tions.
Imbrie, (1985) demonstrated that orbital variations cause major changes of the glob-
al sea level because of the melting of the polar ice cap. This author even proposed
that units of orbital change be expressed in terms of the resulting changes of sea
level; at the last glacial maximum sea level was 120 metres below the modern datum
(Fairbanks, 1989). Water and ice strongly adsorb infrared radiation, increasing melt-
ing. Lower solar radiation during glaciations permits the build up of major polar ice
masses and their extension towards the tropics.
Conclusion.
Variations of solar luminosity contribute almost as much to changes in the Earth's
heating as do the variations of the Earth's orbit around the Sun (Milankovich cycles).
The most powerful cycle in luminosity, the 11.5 kyr cycle, was responsible for shift-
ing the onset of the penultimate deglaciation, for example. Almost one half of the
total variation in two speleothem records can be attributed to this solar behaviour.
References
FAIRBANKS KG., 1989 - A i7,000- year Glacio-eustatic Sea-level Record: influence of
Glacial Melting Rates on the Younger DI)' as Event and Deep-ocean
Circulation. Nature,342: 637-642.
HICKEY J., ALTON B.,GRIFFIN F., JACOBOVITZ H., PELLEGRINO P., SMITH E., VON-
DER HAAR T. & MASCHOFF R., 1981 - Solar variability indications from
Nimbus 7 satellite data. In: Variations of the Solar Constant, S.Sofia (Ed.),
NASA CP-2191: 59-72.
IMBRIE J., 1985 - A Theoretical Framework for the Pleistocene ice Ages. J. Geol. Soc.
London, 142: 417-432.
IMBRIE J., BOYLE E.A., CLEMENS S.c., DUFFY A., HOWARD WR., KUKLA G.,
KUTZBACH J., MARTINSON D., MIX A.C., MOLFINO B., MORLEY J.,
PETERSON L.c., PISIAS N.G., PRELL WL., RAYMO M.E., SHACKEL-
TON N.J., TOGGWEILER J.R., 1992 - On the Structure and Origin of Major
Glaciation Cycles i. Linear Responses to Milankovich Forcing.
Paleoceanography, 7 (6): 701-736.
VERIFICATION OF TilE CAUSES OF GLACIATIONS AND SEA LEVEL CIIANGES USING TilE RECORDS 75
or CALCITE SPELEOTHEMS
IMBRIE J, BOYLE E.A., CLEMENS S.c., DUFFY A., HOWARD WR., KUKLA G.,
KUTZBACH J., MARTINSON D., MIX A.C., MOLFINO B., MORLEY J.,
PETERSON L.c., PISIAS N.G., PRELL WL., RAYMO M.E., SHACKEL-
TON N.J., TOGGWEILER J.R., 1993 - On the Strucwre and Origin of Major
Glaciation Cycles 2.The 100,000-year Cycle. Paleoceanography, 8 (6): 669-
735.
MOERNER N.-A., 1976 - Eustasy and Geoid Changes. J.Geol., 84: 123.
MOERNER N.-A., 1993 - Global Change: the High-all1pliwde Changes 13-10 ka Ago - Novel
Aspects. Global and Planetary Change, 7: 243-250.
SHOPOV Y.Y., 1989 - Spectra of Luminescence of Cave Minerals. Exped. Ann. Univ. Sofia,
3/4: .80- 85.
SHOPOV Y.Y.,DERMENDJIEV VL., 1990 - Microzonality of Luminescence of Cave
Flowstones as a New Indirect Index of Solar Activity. Compl. Rend. Acad.
Bulg. Sci., 43 (7): 9-12.
SHOPOV Y.Y.,FORD D.C., SCHWARCZ H.P., 1994 - Luminescent Microbanding in
speleothems: High resolution chronology and paleoclimate. Geology, 22: 407
-410,
TENCHOV G. G., TENCHOV Y. G., 1993 - An Estimation of Geological Factors Affecting
the Long Time Earth Spin Rotation. Compl. Rend. Acad. Bulg. Sci., 46 (12):
37- 40.
WHITE W.B, BRENNAN E.S., 1989 - Luminescence of speleothems due to fulvic acid and
other activators. Proc. 10th Inl. Congr. Speleology, 13-20 August 1989,
Budapest, 1: 212- 214.
WINOGRAD I. J., COPLEN T.B., LANDWEHR J.M., RIGGS A.c., LUDVIG K.R., SZABO
B. J., KOLESAR PT., REVESZ K.M., 1992 - Continuous SOO,OOO-Year
Climate Recorelfrom Vein Calcite in Devils Hole, Nevada. Science, 258: 255-
260.
Received 14 May 2001
Accepted 29 December 2001

77
Int. J. Speleol., 29 B (1/4) 2000: 77 - 87
THE INFLUENCES OF CAVETOURISM ON CO2 AND
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ABSTRACT
Baiyun Cave in Hebei Province is one of the main show caves in North China. The
speleothem landscape is wonderful. but strongly weathered. In order to set up the relationship
between visitor flow and CO2 content and temperature. these parameters were measured at
observation sites NO.1 and NO.2 in the tourist peak period of May Day Holiday from May I
to May 7, 2000. and general tourist season August and October. 2000. The results show that
visitor flow strongly affects the fluctuations of cave CO2 content and temperature. that the
cave topography and dimensions affect the accumulation and diffusion of CO2, Variation of
air temperature in the cave was shown to be attributable to the visitors.
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J>ast work.
The activities of visitors have an effect on the cave environment as well as the nat-
ural material and energy exchanges between the inside and outside of caves.
Visitation causes speleothems to be seriously weathered and changed in their origi-
nal colours, and sometime to become completely damaged or destroyed. The effect
of speleo-tourism on the environment and speleothem scenery in show caves has
been studied in China and throughout the world (Cigna and Forti, 1989; Cigna and
Sulas, 2000; Song, 1994; Song ct aI, 1997).
The results have shown that cave air temperature and the CO2 concentration are
directly correlated to the visitor flow, while the relative humidity of cave air is
inversely correlated to it (Cigna & Forti, 1989; Song et al. 1999; Zhang,et al. 1997),
especially in the warm season. and the night is not long enough to recover the equi-
librium values (Bertolani and Cigna, 1993). Specifically Cigna et al. (1996) showed
I This research project is financed by the National Natural Science Foundation of China. the
code is 4994100 4 and 40071017; the research has aided from the Lincheng County Tourist
Bureau and Baiyun Cave Administration. Hebei Province.
78 Song Linhua . Wei Xiaoning, Liang Fuyuan
that natural factors caused CO2 concentration changes in the Grotta Grande del
Vento, Italy. Villar et al.( 1986) constructed a model to predict the temporary varia-
tions of CO2 concentration due to the presence of visitors based on their experiments
in the Altamira Cave, Spain.
This paper stresses on the effect of visitor flow on the cave environment in Baiyun
Cave in north China.
Brief Introduction of Baiyun Show Cave
Baiyun Cave is located in Lincheng County, Hebei Province, China (Fig. I). The alti-
tude of cave entrance is 157 m. The cave has no natural entrance: it was opened by
local people when they quarried limestone on the hill for cement production in 1988.
Since Baiyun Cave was opened to the public in 1990, over 2 million people have vis-
ited it. Now its annual visitor number is stable at 200,000 per year and it has become
one of the main show caves in north China.
Baiyun Cave is about 500 m long, with about 2000 m of visitor trails. It includes five
halls or rooms (Table I): Paradise Hall is the largest one with an area of 2, 170 m2 and
volume of 43,400 m3 and Maze Hall is the smallest. Maze Hall and the Dragon Hall
have an average width of less 2 m. The cave system consists of three levels. Paradise
Hall is on the upper level, Maze Hall on the middle level and the Dragon hall is on
the lowest level. All three levels are connected by a vertical shaft.
o
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Fig. J - Location map.
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Table 1 Characteristic of Baiyun Cave, Lincheng, Heibei, China
Cave hall Length I Average width Average height Volume
(m) (m) (m) (m 3)
Earth Hall 35 24 18 15120
Paradise Hall 95 22 20 43400
Hell Hall 22 10 12 2640
Dral!:onHall 275 1-5 10 7500
Maze Hall 220 0.5-1.5 - -
Total 647 - - -
No river t10ws through Baiyun Cave, but there are 3 small natural ponds with an
average depth of about 0.5 m. The largest pond, with less than 10m3 of water, is
located in lowest part of Dragon Hall and is connected to the water table. Airt10w in
cave is very weak, ranging from 0.05 to 0.07m/s in the narrowest passages. The high-
est weak speeds reach 0.15m/s. In the dry season, there is scarcely any drip water in
Baiyun Cave, and there are only several drips in the Dragon Hall all around the year.
In the wet season (especially in July and August), drip water is abundant during and
just after heavy rainfall, especially in the Earth Hall and Paradise Hall where the
thickness of cave roof is rather thin, somewhat less than 10m.
Most of thespeleothems in Bayun Cave were strongly weathered under closed con-
dition before the cave was opened to the public. The outer crusts of many draperies,
stalactites, stalagmites, columns have been weathered to a white powder. For exam-
ple, the surface of a column in Paradise Hall has been weathered to a thickness of 1.5
cm. On the other hand, many small speleothems such as stone grapes, pearls, hang-
ing pipes, shields and helictites are growing over the weathered surfaces Probably
this weathering is due to condensation corrosion (Cigna & Forti, 1986). This phe-
nomenon is the main characteristics of Baiyun cave (Song et a!., 2000).
Surveying Periods
Surveying periods were arranged during the tourist peak period for the May Day
Holidays from May Day to May 7 and in the lowest period in August caused by the
road construction during the year 2000. The main surveys were carried at NO.1 and
NO.2 sites (Fig.2).
Site NO.1 islocated in the centre of Paradise Hall which has a volume of over 43,400
m3, It is on the left side of the hall slope. The slope consists an upper slope of 150
and a lower slope on the right. There is a vertical way to connect the second and third
levels of the cave system.
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Fig. 2 - The plall of BaiY1I1l Cave, Chilla
Site NO.2 is in a small chamber in Dragon Hall. This chamber has a volume of about
100 m3 and is 2-3 m wide, 14 m long and 3-6m high, with a steep ladder to the upper
room, 5 m high with a dip of 70° and 5 m high links the lower Treasure Room. Its
exit is a narrow gate about I m wide and l.7m high, then one must ascend another
steeper ladder to the upper room. Generally, visitors enjoy the beautiful scenery in
the chamber for 3-5 minutes, but during the peak hours, they may have to wait there
for at least 10-20 minutes.
The number of visitors was recorded for 10 minutes at the two sites. A Gastec CO2
System was employed to measure cave CO2 concentration; the temperature was mea-
sured by Portable Digital Thermometer each half an hour from 8:30 to 18:00, each I
hour from 18:00 to 20:00, then each 2 hours until 8:00, the next day.
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Results and Discussion
Influence of visitors on COZ content
The visitors' breath is an important source of cave CO2 (Fig. 3 and 4). The trend of
CO2 concentration is very similar to that of visitor flow.
On May I, the total number of visitors that passed close to Site NO.1 was 5853 per-
sons. During this day CO2 content increased from 600 ppm at 8:30 (when the cave
just opened) to the peak of 4400 ppm at 16:30. At Site NO.2, the total number of vis-
itors was 4975 and CO2 concentration increased from 1000 ppm at 8:30 to its peak
of 5800 ppm at 1,4:00. On May 2, CO2 concentration reached a maximum value of
7000 ppm at 16:00 at Site NO.2, when the total number of visitors was 5223 persons.
Such peak concentrations of CO2 higher than 5000 ppm lasted for one hour on May I,
and for 5 hours on May 2.
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Fig. 3 - Variations of cave CO2 cOl/centration, air temperature and visitor flow at Site No.1,
Baiyun Cave, Hebei, China
CO2 concentration in caves decreases and returns to the previous level through air
interchange between the outside and inside of the cave. If it cannot return to the pre-
vious level overnight, CO2 will accumulate during the next tourist day. FigA shows
that at Site NO.2 after overnight interchange, CO2 concentration still was 2600 ppm
at 9:00 (no visitors) on May 2. This value was much higher than the I000 ppm at 8:00
on May 1Sl , 2000.
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Fig. 4 - Variations of cave CO2 concentration, air temperature and visitor flow at Site No.2,
BaiYlll1 Cave, Hebei, China
In addition we made some observations in days of low season; that is, on Aug 12,
2000 at Site NO.1 and on Oct 1, 2000 at Site NO.2. The results show that the maxi-
mum CO2 concentration was corresponds to the daily visitor number (Fig. 5 and
Fig.6 ).
5000
4000
'if
~
g 3000
.~
~
c:
:3 2000
8"
1000
o
6
on Oct 1.2000
(992 PllllOn8)
time
9 10 11 12 13 14 15 16 17 16 19 20
Fig. 5 - CO2 variatiol1s at site NO.1 on May 1 and Oct. 1, BaiYlll1 Cave, Hebei
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Influence of visitors on air temperature
The human-related energy in show caves is mainly affected by two causes: I) cave
lights and facilities and 2) visitors. Villar et al. (1984) made some field experiments
in Altamira Cave, Spain, and the results show that the range of heat released by a
standing visitor is between 82 Wand 116 W while a walking visitor releases about
170 W. So the annual energy input (E) can be calculated by the following formula:
E= 170*t*3600*N
where: t is average visit time in hours and N is the annual total number of visitors.
The visitor number to Baiyun Cave is about 200,000 persons per year, and the aver-
age visit time for each visitor is about 50 minutes. According to the above formula,
the total annual energy input E from visitors can be estimated as 1.02* lOll lis (= 28
MWh ) in Baiyun Cave. Adding the energy from the light system, the total annual
energy input due to the tour activities is still higher.
It is obvious that visitors influence air temperature as the fluctuations of air temper-
ature correspond with the number of visitors (Fig.3 and FigA). The largest variation
of air temperature is from 18.1°c to 19.5oC at Site NO.1 and from 16.80C to 19.1°c
at Site NO.2. When visitor flow reaches its peak, the air temperature also becomes
maximum and then decreases together with decrease in visitor flow. The background
value is reached overnight.
Over 60% of visitors visit Baiyun Cave between 10:30 a.m. and 2:30 p.m. In the rush
hour, visitors are more than 1000 persons per hour, and in the other hours they are
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less than 300-400 persons per hour. At Site No.1, air temperature hardly changed
when visitor flow is under 400 persons per hour, whereas a visitor flow over 1000
persons per hour may increase air temperature by 0.70C.
Air temp.erature at Site No.2 is more sensitive to visitor flow than at Site NO.1.
Visitor flow of over 200 persons per hour might make air temperature increase 0.2
°c, and the maximum increase of temperature might be 1.0oC at a visitor !low of
over 500 persons per hour.
Influence of cave volume and topography on CO2 concentration
The cave environmental setting in Baiyun Cave is very complicated. The different
setting strongly affects on the accumulation and diffusion of CO2,
Fig.5 shows that the room volume directiy affects CO2 accumulation. On May I,
although the total visitor number near the NO.1 measuring site was 1000 persons
higher than that at Site No.2, CO2 content at Site No.1 was lower than that at Site
NO.2 during the daytime. The difference is caused by the difference of cave volume
of two sites. Site NO.1 is located in the centre of the Paradise Hall with a volume of
43,400 m3. CO2 released by the visitors diffuses throughoutthis big chamber so that
the CO2 concentration does not ex.ceed 4000 ppm
On the other hand, Site NO.2 is located in the centre of a small room with a volume
of only about 100 m3, and contaihing two bottle-neck entrances. Here, in the rush
hour, many visitors are delayed for long time from II :30 to 15:00. Nearly 50 persons
are crowded into a small place for 10-20 minutes. CO2 accumulated and reached the
peak of 7000 ppm on May 2, 2000.
At Site NO.1, the accumulation rate of CO2 was slower than the visitor flow. Fig~ 3
shows that the variation of CO2 concentration lagged behind the visitor !low nearly
1-2 hours. It was very different at Site NO.2 where the CO2 released by the visitors
was accumulated and stored in the small room for a long time, so the variation of
CO2 concentration and visitor .flow almost varied synchronously.
In addition, cave topography also played an important role on the CO2 variation after
14:00. When the visitor number started to decrease, CO2 concentration at the two
sites showed different variation trends. At Site No.1, CO2 concentration decreased
immediately, but at Site NO.2, it continued to increase slowly before starting to
decrease (Fig. 7). This phenomenon might be due to the difference in density
between air and CO2 (Song et aI., 1999). At Site No.2 the CO2 heavier than air may
!low to a lower cave system. At Site No the room is larger but without lower cave
passages. When this hall has a high CO2 concentration, the difference of density
between air and CO2 will not playa relevant role, and the high CO2 concentration
will last longer.
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Influence of cave topography on air temperature
Fig.8 illustrates that the influence of cave topography on air temperature is similar to
that on CO2 concentration. Although air temperature at Site NO.2 is lower than tem-
perature at Site No. I, the temperature variation at NO.2 is more sensitive than that at
NO.1 to the visitor flow. The visitor and tourist facilities caused 2.4°C temperature
increase at NO.2 and only 1.loC at the NO.1.
Conclusion
The conclusions that may be drawn from these observations are as follows:
The intensity of visitor flow strongly affects the fluctuation of cave CO2 content and
air temperature;
Cave topography and dimensions control the rate and range of CO2 concentration
and temperature variations. They obviously affect the accumulation and diffusion of
CO2;
Due to the different density between air and CO2, an accumulation of CO2 in the
lower part of the cave system may occur;
Under natural conditions, the cave has the self-cleaning ability to lower the CO2 con-
centration, but in the case of human impact, such self-cleaning ability is greatly
reduced;
Generally, when the increase of air temperature due to visitors is stopped, previous
natural conditions are attained shortly after the end of tourists' visit.
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IS IT ALWAYS DARK IN CAVES?
Giovanni BADINO
Dipartimento di Fisica Generale. Universitil di Torino
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ABSTRACT
Underground natural sources of visible light are considered. The main light producer is
Cerenkov radiation emitted in air, water and rock by cosmic ray muons, that depends, in a
complex way, on shape of mountain and of caves. In general the illumination increases linearly
with the cavity dimensions. Other light sources are from secondary processes generated by
, radioactive decays in rock from minerals luminescence. The natural light fluxes in caves are
in general easy to detect but are not used from underground life.
RIASSUNTO (E sempre buio in grotta ?)
Vengono qui analizzate Ie sorgenti naturali di luce visibile sottoterra. La maggiore
fonte ne e Ia radiazione Cerenkov emessa in aria, acqua e roccia dai muoni della radi-
azione cosmica che dipende, in modo complesso, dalle forme della cavita e della
montagna; in generale essa cresce linearmente con Ie dimensioni del!'ambiente. Altra
Iuce viene prodotta da processi secondari generati dai decadimenti radioattivi nella
roccia e dalla luminescenza dei minerali. I flussi di Iuce visibile sottoterra sono in
linea di massima facili da misurare rna non vengono utilizzati dalle forme di vita sot-
teITanea.
Keywords: muons underground- natural light in caves - Cerenkov radiation- caves darkness -
Vostok lake - caves energy balance - rock radioactivity - beta decays - radon in caves
Introduction
It is widely known that caves are dark. This darkness stimulates the people's curios-
ity: "is it always dark in caves?" is a very usual question asked to cavers. So com-
mon that the author himself asked it to the caver that was introducing him to spele-
ology. This memory, together with his work in underground neutrino astronomy, has
pushed him to give a more detailed answer to the question. It is always dark in caves,
yes: but not so absolutely dark ...
We are going to consider an extended range of visible light. It would be necessary to
distinguish between photopic and scotopic conditions of sight, but we may say that
under ordinary daylight conditions the relative luminous efficiency of human eyes is
maximal at a wavelength of 560 nm, which corresponds to the yellow-green region.
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From this maximum visibility falls asymptotically toward both ends of the spectrum:
the maximum is 10-3 at wavelengths of 410 nm (violet) and 720 nm (red) (Thewlis,
1962). But we shall keep the range 350-800 nm to cover different eyes.
Traces of visible light are produced even very deep underground (or underwater) by
cosmic rays and radioactive decays, so much that many experiments use this light to
study radiation (Cecchini, 200 I).
We are going to see how light and particles are connected.
In this work we use only mechanic units (W) and not the usual illumination units
(lumen and lux) for simplicity. We remember that a lumen is equal to 1/680 Wemit-
ted at 560 nm by a monochromatic source (I W of radiant energy like this is some-
times called "lightwatt"). Likewise, a lux (lumen m-2) is equivalent to 1/680 Wm-2.
The black body radiation
First of all, let us consider the black body radiation, that is, the radiation in thermal
equilibrium with matter at an absolute temperature T.
A good example of this type of radiation comes from the Sun, which radiates almost
exactly as a black body at a temperature of 5800 K. The relation between the wave-
length of maximum power release and the temperature T is the Wien displacement
law (Richtmyer & Kennard, 1955):
lm T = 0.003 Km
For instance, we may calculate the wavelength of the Sun maximum power: 520 nm.
Actually the Sun is mainly yellow.
Also black bodies at room temperature radiate, but the wavelength of maximum
power release is around 10 mm, that corresponds to far infrared.
Anyway the radiation is not only at Am:the emission covers a wide wavelength range
around it. Planck's Law for the black body radiant energy per surface unit in the
wavelength range die gives the spectrum:
2nhe2 1
Gbb(l)dl = 5 ( ) dlA: he
exp -- -1
kAT
Where c=3x108 (light velocity), k=1.4xI0-23 (Boltzmann constant), h=6.6xlO-34
(Planck constant) in SI units. The equation shows that there is an extremely quick
(-A-5exp( -const/A)-) decrease for wavelengths shorter than the maximum. This also
allows us to calculate the visible radiation flux coming from a black body source at
caves temperature.
Here we are interested in temperatures ranging from T=270 K up to T=320 K.
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Table 1 - Black body spectrum from 270 K to 320 K ill ph tOilSm-2 s-I
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Temperature 270 K (-3°C) 295 K (22°C) 320 K (47°C)
Maximum emission Am nm 11100 nm 10200 nm 9400 nm
350-400 0 0 0
400-450 0 0 0
450-500 0 0 0
500-550 0 0 1X 10-10
550-600 0 2xlO-1O 2xlO.7
600-650 lO-w lxW-7 7xlO-S
650-700 4xlO-8 4xlO-S lxlO-2
700-750 8xlO-6 4xlO-3 0.7
750-800 7xlO-4 0.2 31
We may see (!) that also in the case of really hot caves (47°C) it is necessary to wait
minutes to detect a single visible, deep red photon (650 nm) from a square meter of
wall (or air).
Let us nevertheless note that, also in the case of an high emission, the black body
radiation cannot be used for vision, a process that requires a contrast among objects:
the black body radiation is a photon gas in maximum entropy state, it fills all the
space and is emitted by every part of the system, including the eyes (or the film). It
can be used for sight only if the system and the source are completely separated and
not in thermal equilibrium, as it happens with our eyes and the Sun or light bulb fil-
aments.
The Cerenkov radiation
Underground cavities, even at large depth, are crossed by charged particle radiation
coming from outer space (mainly muons and neutrinos from cosmic rays) and local-
ly produced by radioactive decays (mainly electrons from beta-decays). This radia-
tion can produce detectable photons fluxes by Cerenkov emission.
Let us see some details on this mechanism.
It is well known that particles of real, non-zero mass, cannot attain the speed of light
in vacuum, c=3x 108 m/s. But in dielectric materials like crystals, water or air the
light has a phase speed lower than light, and the particles may go faster than photons.
In this case the interaction between matter's dipoles and the particle's travelling field
produce a light release, the Cerenkov light, named from the Russian physicist who
first studied this process in the 1930 (Jelley, 1959).
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This light cannot overtake the particle: analogously to a supersonic plane travelling
in the vertex of the cone of its shock wave, the particle flies in the vertex of a pho-
tons cone emitted by itself.
Let us call "n" the refractive index of a materia!. In this case the phase velocity c' of
light inside it is:
, c
c=-
n
And the angle between the trajectory of the particle travelling at speed v and the
direction of emitted photons is given by:
Be = arccos ( :n)
That has a solution only if the particle travels faster than light in the material
v ~:. = c'
n
This speed corresponds to the particle's minimum total Eth and kinetic Kth energy
given by:
2 2E.~r~rm
The photons wavelength (its colour) depends upon the dielectric detailed physical
properties; but it is possible to demonstrate that generally the photons are emitted in
the frequency range of blue and nearest Uv. We are going to consider the wavelength
between 350 and 500 nm, the most used range for Cerenkov light practical uses
(Jelley, 1959).
The number of emitted photons per meter of flight in the wavelength range between
A.l and A.2 is given by:
Where a = I/137 is the fine-structure constant; this shows that the power emission per
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emission increases strongly as I decreases. The total emitted energy does not diverges
because also the refractive index n depends upon I and the radiation release is limit-
ed to the n> I region that extends up to the near Uv.
Iparticle I.
AB=v tlt "'\
BC=c tlt
...><
.'
/ ......•/ .....
... ...... I .
Iphotons cone" Irefractive medium I
Fig. J - The general shape of Cerenkov radiation in air (or water) emitted by a particle com-
ing from the rock: the photons are arranged 011 a conic sUlface with vertex on the particle.
Therefore the emission rate depends upon the velocity of the particle, i,e. on his ener-
gy. If we consider the relativistic kinetic energy of a particle ma:
We may re-write the Cerenkov emission rate as
It is easy to see that the emission starts at a minimum kinetic energy Kth, as we have
already discussed, and increases very quickly up to an asymptotic value when the
particle speed approaches c:
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(dN) = 0.0459(-'!'-- "!")(1- -.!.-)= rdl •• ~ A, n2 ••
The graphic shows an example: the emission rate of an electron travelling in water
as function of its kinetic energy.
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Fig. 2 - Emission rate of an electron travelling in water as function of its kinetic energy.
It is important to note that, in this case, the emission rate reaches 90% of asymptot-
ic value roo at K=1400 keY.
This means that we may regard the emission rate (and the emission angle) as con-
stant above kinetic energies 10 times larger than the threshold.
For this reason, at very high kinetic energies (like those of cosmic rays), the light
emission is constant and independent from energy; anyhow, we are also going to con-
sider particles emitting at "low" energies when studying the beta decays contribution
to caves illumination.
Table 2 resumes these results for caves interesting dielectric materials: air, water and
calcite.
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Table 2 - Cerenkov emission parameters for materials responsible of undergIVund light
releases.
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Materia! Air Water Calcite Calcite
(ord. ray) (extr. ray)
n: refractive index (at "'=434 run) 1.00029 1.33 1.68 1.49
Km: electrons kinetic energy threshold for 20.7 0.264 0.125 0.178
Cerenkov emission [MeV]
m,c2=O.511 MeV
Km: muons kinetic energy threshold for 4280 54.6 25.8 36.9
Cerenkov emission [MeV]
II1nc2=105.7MeV
kinetic energy at 90% of emission 130 II1nc" 2.74 m,c2 1.55 m,c2 2.03 II1nC'
8c_: emission angle at v==c 1.4° 41 ° 53°
48°
r_: number of photons at v=c [photons/m] 26 20000 30000 25000
(350-500 run)
The refractive index of air linearly depends on pressure (here the sea-level value is
given), but we may consider it as constant in the caves altitude range up to 2-3000 m
as!. The electron kinetic energy threshold for Cerenkov emission is 20 MeY, an order
of magnitude larger than the typical energies of radioactive sources, I MeY; we can
be sure that there is no air Cerenkov emission due to beta decays. The muon's mini-
mum energy for light emission in air is 4 GeY, very typical of cosmic rays muons
underground: we are going to see that this is the main light source in caves.
The energy at 90% of emission gives us the energy level above which we may con-
sider that the particle emits at constant rate, which is vac for Cerenkov emission.
We also see that the Cerenkov emission angle in air (at v""c) is very small, around
1.5°, which means that the photons travel in a "plate" around the particle. In water
and calcite the light is instead emitted at high angles from the particle line of flight
and the illumination is stronger and more isotropic.
The cosmic rays
We must consider some more details about the radiation reaching underground with
us.
The interstellar space is filled with an extremely tenuous high-energy radiation (the
so called "primary cosmic rays") essentially composed by nuclei (mainly proton and
alpha particles) with a power law spectrum energy ranging from 1010eY up to 1020
eY (Gaisser, 1990). This radiation cannot reach the ground because it is extremely
nuclear reactive and interacts with air nuclei at altitudes around 15-20 km above sea
level, producing showers of particles of all kinds ("Extensive Air Showers"), the so
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called "secondary cosmic rays". At sea level, electrons, gammas, neutrinos and
muons compose this radiation for the most part.
We may consider this flux as isotropic, to say, its intensity does not depend on the
direction: the sky appears almost uniformly "lighted" by this radiation.
Table 3 gives some typical values of charged particles fluxes at sea level (Particle
Data Group, 1986).
Table 3 - SOllie Iypical values (~lch(//~~edpar/icles fluxes al sea level (Par/icle Dala Group.
1986).
Cosmic rav comoonent Muons Electrons and others
Total flux crossing unit horizontal area from above [m,2s.I) 130 50
Total flux from above, impinging on a sphere of unit cross- 170 70
sectional area [m.2s.l]
Note the difference between the second and third rows: the second is referred to a
flux on a flat surface, which for high incidence angles appears very small. The third
"shows", in any case, "one square meter" to the incoming particles.
The electrons and other charged particles, and the gamma-photons, are called "soft
component" because they are completely stopped by ground surface. Muons and
neutrinos are referred to as "hard component" because they continue their flight
underground.
So just few meters below the surface only muons and neutrinos are present. We are
going to consider the neutrinos role, important only at rock depths exceeding 1-2 km,
only at the end of this work.
The muons interaction in rock
Table 4 shows the electron and muon main physical parameters. The muon is a fun-
damental particle (point-like, basing upon actual knowledge) very similar to the elec-
tron, of which it may be considered an excited state. The only difference is the mass
(muon mass is 206.8 times larger than the electron mass) and its instability: its mean
life is 2.2 Ils and it decays into an electron and two neutrinos (Segre, 1965).
Table 4 - Eleclron and IIIUOII lIIain physical paralllelers
Particle m"c" Mean life
Electron 0.511 MeV Stable
Muon 105.7 MeV 2.21.l.s
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We are going to consider the contribution to caves Cerenkov lighting due to high
energy cosmic rays muons in air, water and rock and to low energy electrons from
beta decay in rock.
The muons interact with matter and lose energy at a quite constant rate: in limestone
(or dolomite) they lose around 0.7 Gev per meter of flight. This means that, very
roughly, a muon entering underground with energy of 20 GeY will have 13 Gev after
ten meters of crossed rock, 6 GeY after 20 meters and it will reach 30 meters of
depth.
We may generalise and calculate the minimum energy Emin to reach a depth x, that
is, to arrive there with zero energy.
If we include all the processes of interaction muon-rock we have (Hayakawa, 1969):
Emi• =~[exp(bP,X)-1] GeYm.1oflimestone
a = 2.5 x 10-4 GeY m2 kg-I
b = 4.1 X 10-7 m2 kg-I
p, = 2700 kgm-3
Where "a" accounts for ionisation losses, "b" for bremsstrahlung losses and "Pr" is a
typical limestone density. The graphic shows the result:
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Fig. 3 - Least muon energy to reach a depth x in limestone
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The formula may be simplified if the bremsstrahlung processes are negligible, i.e.
when the argument of exponential is very small. In this case, correct for z« I000
meters, we have:
Emin '" ~(b Prz) = 0.67 z GeV m-I of limestone
That corresponds to the linear first part of the graphic. It is possible to see that the
muon energies necessary to reach the actually known typical caves (lO<x<500 m)
range from 10 to 700 GeV.
The muons energy and intensity
We have already noted that the energy spectrum of primary cosmic rays in outer
space has power-law behaviour. The muons too behave in this way: at the surface the
flux of vertical muons with energy greater than E (in GeV) is given by:
I (> E) '" 1450 E-I.78( 115 ) m-2 S-I sr-I
vert,l' 115+1.1E
A formula useful for IO<E<IOOO GeV that we have obtained simplifying the data
given in (Ambrosio et aI., 1995) to fit our energy range.
This shows, for instance, that increasing the energy threshold (or the depth) of a fac-
tor 10 the flux is reduced by a factor 60.
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Fig. 4 - Muons intensity versus depth in limestone.
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The graphic shows the result, that is the number of muons versus depth in limestone
CHayakawa, 1969). Note that the parameter is the muon intensity, that is, the number
of particles per second per square meter per steradian.
We may now solve our first question: how many muons cross a surface "S" in a cave?
We assume a polar coordinate system, centred on S.
Fig. 5 - The main parameters for Cerenkov emission undergound are two thickness in each
direction: that of rock, responsible of muons filtering, and that of air, responsible of light emis-
sion.
Let us call RMC8,<p)the function that gives us the position of ground surface in the
direction C8,<p),and RcC8,<p)the position of cave wall surfaces in the same direction.
The thickness of rock is then obviously given by the difference RMC8,<p)-RcC8,<p).
Let us consider now a solid angle dQ in the direction C8,<p).The total flux crossing
our surface is given by:
F(e,qJ) = II' (Rrock (e,qJ ))S cose dQ
Rrock (e,qJ) = RM (e,qJ )- Rc (e, qJ)
The functions RMC8,<p)are in general very complex and only in special cases, like for
large underground cosmic ray observatories, they are calculated. For this reason, to
estimate these fluxes we have to make some radical approximations.
The first one is to suppose that the muon flux at the surface is independent from q:
we may then use the vertical intensity in all directions, that is:
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The second assumption is that the RM(8,<p)behaves in such a way allowing us to con-
sider only the contribution of muons coming from the direction (80'<Po)and around
it, where RM is minimum:
0o,CPo B RM(Oo,CPo) = min[RM(O,cp)]
Xo ~ RM (00' CPo)
The third approximation is to assume regularity and "flatness" for the mountain sur-
face around the direction (80'<Po): this is the case, for example, of a cave below a
plateau. We then exclude a very complex surface structure around the cave.
We may therefore assume that the muon intensity around (80'<Po)behaves like:
The index "n" is a function of depth and ranges from 1.5 at 10 meters up to 3.5 at
I000; the next graphic shows this function:
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Fig. 6 - Power index un" versus depth
IS IT ALWAYS DARK IN CAVES ? 101
With these assumptions we may now calculate the integrated muon flux on S from
the "sky" in a cave, because only the directions around (80,<jlO) contribute. The inte-
gration is very simple:
underground muon intensity
vs. depth in limestone
10-1
10 100 1000
depth in limestone [m]
Fig. 7 - Muon intensity versus depth in limestone
Finally, we have our muon flux: this graphic Intensity-Depth, basic for our work,
shows the number of muons as a function of "depth" (that is: the minimum rock
thickness xo)' We may now return to light.
The lighting
We are now going to calculate the average photons fluxes due to Cerenkov radiation,
but we would like to put in a few words on what may be considered "lighting" from
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the point of view of the eye.
We have seen that the Cerenkov photons are disposed on a cone around the parti-
cle, which means that they reach a detector (or the cave floor) in very short « I
ns) pulses. Their power (energy/time) may be very strong: for instance the outside
Cerenkov radiation associated with Extensive Air Shower (mainly electrons
Cerenkov radiation in the high atmosphere air) is larger than the average night
light, which means that if we measure nocturnal light with high time resolution
instruments, we see pulses from the sky overwhelming the light coming from the
stars. The Cerenkov HE gamma ray observatories do exactly this (Aglietta et aI.,
1992).
But the physiological system cannot make this short pulses detection (they inte-
grate the light fluxes on "long" time intervals, a tenth of a second), and looking at
the night sky we cannot see the hundreds of strong flashes that, each second, touch
our eyes.
Also caves lighting acts as a series of short flashes: if they were sufficiently near
in time (as in the case of neon bulbs, that switch on and off 50 times per second)
the light would appear us as a continuous illumination, but if they were rare we
would see flashes.
The light reflection on walls poses other problems.
The reflected fraction of incoming photons, and not purely the light flux emitted
by a source, is of extreme importance: actually the sight information is mainly due
to the reflected light. For this reason, generally speaking, we have to estimate the
reflected photons, which may strongly contribute to the lighting. If, say, the cave
walls are perfect reflectors the photons are never absorbed: each new contribution
is added and the cave light intensity diverges ...
This question is easy to solve: let us call "r" the ratio between reflected and inci-
dent light on rock. If 10 is the incident light intensity the first reflection gives rX/a:
and so on. The total amount is:
2 3 101=10 + r x 10 + r x 10+ r x 10+ ...=--}-r
Given that O<r< I, the total illumination may increase appreciably, and it diverges
if r= I: but the rock reflectivity is generally very low and the reflected light
appears to be negligible in our rude calculations.
The light from air
The first contribution to the caves illumination is the Cerenkov radiation in air.
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The muons must have at least 4 Ge V to start the emission and 15 GeV to attain
the plateau of production, 25 photons per meter. But the light production depends
on the energy spectrum of muons, which depends on the depth! We shall not take
this fact into account; the assumption that all the muons are well above the
Cerenkov threshold is surely wrong but it is easy to show that the over-estimation
of light flux it gives is negligible in our approach.
Each muon travels a length RcCS,cp) from the cave wall to the detector surface S,
and during the flight releases photons at a constant rate re.
The total light flux on the horizontal surface S is then:
That obviously depends on the cave shape RcCS,cp) around S. Let us simplify
again: we consider the surface S oriented in the direction of Xoto neglect the cosq
contribution, and we assume "D" as the typical dimension of the cave in the direc-
tion of xo. For example, D will be the cavern height if we are below a plateau. In
this case the light flux becomes:
That is, a very simple and useful formula.
Some examples
We consider now some special cases. To make a comparison let us see this table, par-
tially taken from (Lang, 1974).
Table 5 - A comparison of fluxes frolll natural or artijicialliglzt sources
Source Light flux Light flux Light flux
[W ffi.2] [Ix] [photons ffi.2 S.I]
Sun (at zenith) 1.33x103 9x105 3xlO21
Night sky 7xlO.7 5xlO-4 2xlO12
6m star 2.5xlO.1Q 1.7xlO.7 6xlO8
Candle at 10 kID 1.1xlO.12 7.5xlO.1O 3x106
Candle on the Moon 8xlO.22 5xlO.19 1.7x 10.3
We have considered here some examples of light fluxes, averaging on 560 nm pho-
tons, which means a conversion factor given by
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The light flux produced by a sixth-magnitude star is especially interesting
because it is defined as the minimum energy flux from a point-like source
detectable by human eyes. Considering a standard pupil (4 mm of diameter) this
means that the human eye must receive around 104 photons s-1 to obtain a visu-
al sensation: but we are going to return to it at the end of this work.
We have used a "candle" with the same light power of the Candela SI unit.
Let us go to practical examples, considering at first the Grotta Gigante (hereafter
"Type A cavern"). It is a very huge cavern near Trieste, with D= I00 m, xo= 15 m.
These parameters in the graphic Intensity-Depth give us the typical muons flux
inside the cave, 20 m-2s-1 (but note that it is a coarse estimation, because a cave
geometry like this does not fit with the approximations used to calculate the
muon flux).
The light production of each muon crossing the cave is roughly 2000 photons:
this means that the expected light flux is 4x104 photons m-2s-1, or 1.6x10-14
Wm-2.
The natural cosmic ray illumination of this Type A cave is then a 20 billionth of
night sky light, or 0.1 thousandth of a 6m star light deposition ...
We consider now a Type B cavern with parameters 200 m from the surface and
10 m of height D: we have a muon flux of 0.08 m-2s-1 each with its 250 photons
disposed as a "plate" (the cone is very flat because the Cerenkov angle is 1.4°)
of 25 cm of radius around it. The average lighting of the cave is then 20 photons
m-2s-1.
In comparison with Grotta Gigante the reduction is by a factor 10 due to the
height, and by a factor 200 due to muons flux.
If the cave cross-section is 100 m2 (that is it has a cubic or spherical shape) it is
crossed by, say, ten muons per second: the light is released in "pulses"
Poissonianly distributed with average time interval 0.1 s.
At last we consider a Type C cavern, a small conduit (D=l m) at large distance
from the surface (xo=500 m): it has only 0.006 muons m-2s-1 (a crossing muon
each 3 minutes) and a natural average illumination of only 0.15 photons m-2s-1•
They are very low fluxes but note that, in any case, they are easy to detect
(Badino et aI., 1981).
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The light from water
Table 2 shows us that the minimum muon energy for light production is reduced
to 50 Me V, and the light production increases to 20000 photons per meter.
For these two reasons the water contribution to the illumination in caves is so
large that the main neutrino experiments now running use it (in artificial cavern
or in deep sea and lake waters) for particles detection. The example of
SuperKamiokande is astonishing: this Japanese neutrino detector (Fukuda et aI.,
1998) consists in a hall (17 m of radius and 40 m high) filled with 50 thousand
tons of water, 1000 meters below the top of Mt. Ikenoyama!
We may again use the equation
Considering RcC8,<p) no longer describing the cave structure but describing the
water-filled part of a cave. As above, we define 0 has the dimension of the water
basin along the Xodirection.
As a matter of fact we have a new problem: the muon energy loss in air was negli-
gible, but its loss in water is not. A water-filled cave like Grotta Gigante (Type A)
has a muon flux corresponding to 15 m of depth in rock in the upper part (20 m-2s-I),
but to 15 m of rock plus 100 m of water (roughly 40 m of rock equivalent) at the
bottom: the flux is then reduced to 2 m-2s-l. To estimate the total illumination we
may assume an average muons flux of 10 m-2s-l, each muon releasing two million
photons during the crossing. The total average flux becomes 2x I06 photons m-2s-!,
or 10-12 Wm-2. This corresponds to the light of a candle 10 km away ... But we are
going to see that, in special conditions, this flux may give visual sensation.
Note that these photons are emitted on a very large cone (41°); this means that the
lighting structure not only is stronger than in the case of air, but it has a very dif-
ferent structure and uniformity.
The case of illumination in conduits below the water table is also interesting.
We may consider the case of a Type B cave, 0= I0 at 200 m of depth. The muon flux
is 0.08 m-2s-1, but each muon now produces 2xlO5 photons: the average illumina-
tion of this water storage is 2000 photons m-2s-l.
We conclude considering Type C, the small conduit (0= I m) at large distance from
the surface (xo=500 m). With its small flux of 0.006 muons m-2s-1 it has an average
illumination of 15 photons m-2s-l. It is obvious that in this case to speak of "aver-
age illumination" has small sense: the light is given in rare, strong photons pulses.
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The light from rock
Crystals (small or big) are other materials that can release light when crossed by
charged particles. Let us see their contribution to caves lighting, speaking only about
the most common type, the calcite.
The Cerenkov radiation in calcite is stronger than in water by a factor two, due to the
higher refractive index (see Table 2), but the light release phenomenology main change
is the light diffusion: the Cerenkov light in water is strongly organised into a cone
around the muon, whereas in calcite it is diffused everywhere by the internal reflections
on micro-crystal surfaces. This also causes a stronger absorption that depends, in a
complex way, on micro-crystal dimensions and impurities.
Let us introduce a parameter of rock transparency, the average depth of photons absorp-
tion, i.e. roughly the depth A at which the light may arrive. It may range from micron
in rock to many centimetres in pure micro-crystal deposits.
It is easy to show that the outgoing light from an absorbing medium is almost exactly
the same produced in the depth from 0 to A. In the case of cosmic rays underground
this means that the light coming from the walls is estimated by:
The value may vary of orders of magnitude and giving examples as above makes no
sense. What we may say is that micro-crystal deposits behave more efficiently than
water in caves illumination, but only up to a depth of A, and that generally speaking we
have to add the contribution of water veils on walls. They have a typical depth of 50-
100 11m(Badino, 1995) and release 1-2 photons when crossed by a muon.
The radioactive beta decays
The last chapter has prepared the introduction to the next light source in caves: the
Cerenkov light emission in crystals by electrons produced in beta decays. The lime-
stone rocks contain traces of radioactive nuclei, mainly Uranium-238, Thorium-232,
and Potassium-40.
Let us study at first the 40K contribution: a nucleus that mainly performs a beta decay
to the stable nuclide 40Ca. The beta decay consists in the transformation of a neutron
into a proton plus an electron, that is emitted with a maximum energy Eo, which has a
specific value for each nucleus. The electrons have energy spectra that in the upper part
are described by:
P(E)dE •••kE2(Eo - EY dE
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Table 6 shows the physical parameters for 40K and the corresponding symbol that we
are going to use from now on.
Tab. 6 - Physical parameters for 40K
'ilK Properties
Mode of decay Beta (89%), EC (11%)
E decay [MeV] 1.311
Natural abundance rK40 [%] 0.0117
Average life for beta decay 'tK [y] 1.41x10
9
Atomic mass MK [kg] 6xlO-
26
From the graphic, showing the energy spectrum of electrons emitted during the 40K
beta decay, we may see that the main part of electrons are emitted with kinetic ener-
gy equal to half of the total energy beta decay, in this case 0.5 MeV. The other line
shows the mean Cerenkov light emission for each electron energy range in calcite,
weighted with electrons ranges, energy spectra, Cerenkov radiation phenomenology:
obviously the spectrum is shifted to right in comparison with the previous one
because the radiation output increases with the particle energy.
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Fig. 8 - The energy spectrum of electrons emitted by 40K beta decay, and the corresponding
light emission in calcite.
The emitted electron crosses the matter, but it interacts strongly, ionising other atoms
and losing energy. Table 7, adapted from (Jelley, 1959), gives the average penetra-
tion A.el in calcite as a function of electron total energy:
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Tab. 7 - Average penetration Ael in calcite as a function of electron total energy:
Electron kinetic energy 1;, Range!..el
[MeV] [mm]
0.2 0.15
0.4 0.46
0.6 0.81
0.8 1.19
1 1.58
1.2 1.98
It is possible to see that the electron paths are very short, around a millimetre of
length. We may estimate that only the atoms decaying in the first rock layer (some
millimetre thick) may contribute to lighting, and also that the total light production
(In Table 2: 30 photons mm-I) is limited to some tenth of photons per decay. Let us
calculate it better.
The light from beta rays
During its flight the electron emits Cerenkov light, but it has a kinetic energy that
approaches the energy threshold for light emission. So, to calculate the average total
light emitted per decay (we are going to call "Clight" this parameter), we have to take
into account:
- the electrons spectrum,
- the electron energy loss in flight,
- the length of the electron walk,
- the energy dependence of Cerenkov emission.
A numerical approach that considers all these phenomena gives us the results
resumed in Table 8.
Table 8 - Average photon production in underground materials due electron from 40K beta
decay.
Medium f1igllt[photons decay"l]
Water 17
Calcite (n=1.68) 23
Calcite (n=1.49) 15
The light production is then around twenty photons per decay in calcite and in water:
the production increase due to the higher refractive index of crystal is almost com-
pensated by the shorter electron range to due to the higher density.
Let us calculate the frequency of decays. The potassium contents "qK" in limestone
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is widely variable: we are going to consider the example of Gran Sasso, the rock of
which is well studied due to the presence of underground neutrino laboratories.
Ambrosio et al. (1995) report a content of 0.1%, that is, each kilogram of limestone
contains one gram of potassium, or 1.17xI0-7 kg of4oK, that corresponds to 1.5xlO18
atoms, each one with atomic mass MK=6xlO-26 kg. The number of decay (activity) per
kilogram of rock is:
With the average life ""tK" given in Table 6 we may estimate that in a kilogram of Gran
Sasso limestone there are 40 beta decays each second: the density of activity AK is then
40 Bq/kg.
Let us calculate the photon production rate per mass unit, that we will call 'Tlight".
We have that:
The previous calculations and estimations give us a production rate in rock of
r/igh, = 70 photonskg-t S-I
coming from the electrons emitted in 40K beta decay.
The light from potassium EC-gammas
Another way that permits light release from 40K decay is the interaction of its gamma
rays in rock. Let us describe the process.
As we have seen in Table 6 the 40K performs mainly beta decay, that is, it emits an elec-
tron with a very short range in rock. But sometimes the 40K decays from an electron
capture (EC): no electron is then emitted but the energy is released in a monochromat-
ic gamma ray with quite high energy, 1.46 MeV.
The probability of this process is
GEe =0.105
A gamma photon of this energy is able to cross a much larger rock thickness than the
electron does. It interacts with matter by photoelectric effect, Compton scattering of
electrons or creating electron-positron pairs. The general process is quite complex and
has to be studied by Montecarlo simulations, but we may give some analytical estima-
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tion, using averaged data and the fact that the Compton effect in rock dominates in the
energy range 0.1-1 MeV (Segre, 1965).
When an electron-positron pair is created almost no light is released: the average elec-
tron energy in not sufficient to give Cerenkov effects, the positron is almost immedi-
ately annihilated and gives other gamma rays that have low probability to give light
photons, due to their low energy and isotropic emission.
The Cerenkov emission comes from the electrons scattered by gammas. They have an
almost flat energy spectrum, that is, they may have any energy between zero and 1.46
MeV, i.e. the average kinetic energy of these Compton electrons is around 0.7 MeV;
after the scattering the photon continues its flight with an energy lowered by the ener-
gy transfer to the electron and may scatter other electrons. So, if in the first interaction
the energy transfer to the electron is low, the gamma may perform other Compton inter-
actions. To take very roughly into account this multiple production we may consider
that the average energy of a scattered electron is 2/3 of the maximum, that is, I MeV.
The gamma attenuation length Ag is 0.2 m at 1.4MeV (Particle Data Group, 1986), that
is, an EC 40K decay within some tenths of centimetre inside the rock releases a gamma
that may be able to exit the walls.
Note the difference from the beta-decay: in the former case only the most superficial
decays can participate to the light process production; now, due to the long gamma ray
range, much deeper parts of rock are involved.
We may give a rude estimation of the gamma flux from rock. As before, let us call AK
the density of activity of 40K in the rock. The number of decays per second per kilo-
gram of rock (that is the gamma production rate) in the EC capture channel is then
EECAK'
.•........'cerenkOv light I
Fig. 9 - General
process of light pro-
duction from 40 K
EC: if the emitted
gamma scatters an
electron just below
the rock surface
some photons may
escape.
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From Table 7 we have that the Compton electrons they may produce in rock (aver-
age energy I MeV) have a range Ael of 1.5 mm.
To calculate the light released by the electron it is necessary to take into account the
energy loss in flight, the energy dependency of Cerenkov emission and the energy
spectrum. Numerical calculation gives us that a I MeV electron in calcite emits 30
Cerenkov photons along its 1.5 mm range.
We have assumed a density of activity AK of 40 Bq/kg in the beta channel. In the EC
channel it is then
If we assume that each gamma is able to produce, on average, one electron (that is,
30 photons) along its path, we may estimate the light release per kilogram of rock
But it is now necessary to estimate how many of these photons are able to escape
from rock.
The EC photons escape from rock
Let us consider a surface S up to a depth Ag. The gamma rate production inside it is
then
Only half of these gammas are emitted in the direction of the surface and may real-
ly go out. It would be necessary to calculate the probability of gamma absorption for
each depth inside the wall and integrate it, and in the next chapter we will solve a
similar problem obtaining a correction factor of 0.25. We may then estimate that the
number of gammas flowing out from our surface S each second is
The rock is not transparent and the electron range is very short so. neither electrons
nor the Cerenkov photons they produce can exit the wall, unless the gamma-electron
interaction takes place in the first transparent rock "skin" with optical depth A.
We may estimate that the probability that the gamma (with photon attenuation length
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~hotons S-I]
Ag) interacts in the last A meters of rock is
A
Pccmplon"'~
g
This slightly overestimates the probability because in principle the formula is true
only for gammas crossing the surface perpendicularly. Neither the Compton elec-
tron produced in this way is, in general, perpendicular to the surface and conse-
quently the Cerenkov light may be emitted in "wrong" directions; we may use an
additional factor 1/2 to take these effects into account. Finally, we may estimate
that the Compton electrons produced each second in S and able to release light are
fcamplon"'.!..0.25EEcAK(PrSAJ~ [electrons S-I]
2 Ag
We have seen that the average electron emits 30 photons. We have to distinguish
between two cases, that is whether A (rock transparency) is larger than Ael (electron
range) or not. In the former case each electron will release the maximum number
of photons that will flow out from the wall. That is:
flight =~0.25EEcAK(PrSAg): x30 ~hotonss-I]
g
for A> A.I '" 0.0015 m
But if the electron range is longer than A the Cerenkov photons emitted deeper than
A are absorbed and only the last part of emission is able to flow out the rock:
1 f_)A Aflight =-0.25EEcAKlPrSAg - x 30-
2 Ag A.I
for A<A'1 ",0.0015m
That is, the maximum release decreases proportionally to A if A > A el= 1.5 mm and
proportionally to A2 if A <1.5 mm.
For example, let us calculate the Cerenkov release with A = 0.001 m, AK=40 Bq
kg-1 (Gran Sasso limestone). We have:
flight 1 ()O.OOI 0.001 2 I
S=2"0.25xO.lx40x 2700xO.2 ---o.2x30x 0.0015 ",,30 photons m- s-
If A =0.1 mm the light flux will be reduced by a factor 100, that is only 0.3 pho-
tons will flow each second from a square meter of wall.
Compton scattering in the cave air, instead, cannot produce light because the elec-
tron energy is in any case much smaller than the energy threshold given in Table 2.
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The lighting role of heavy nuclei decays
We have seen how beta and gamma rays may release small light production in rock.
Let us see now the contribution of other important radioactive impurities in rock, the
heavy nuclei 238U, 235U and 232Th.
These elements are unstable, long life nuclei present in traces almost everywhere:
typical abundances (widely variable) of Uranium and Thorium are 10-6 in effusive
rocks and 10-7 in organisms and limestone: we are going to consider the last figure
for our estimations.
Due to its shorter half-life 235U abundance is only 0.72% of 238U.
These three nuclei decay almost exclusively by Alpha decay, emitting an Alpha par-
ticle (an Helium nucleus) of 4 MeV and, very seldom (<1%), some low energy
gamma ray. In these conditions no light release is possible, unless by the lumines-
cence channel (see below).
But the first alpha decay is only the beginning of a series of decays, because the prod-
ucts are not stable. Each one of the three nuclei is then the chief of a family of unsta-
ble nuclei that decay in various manners up to produce Lead nuclei.
For example, let us see in Table 9 the main radioactive family, the 238U decay chain.
Table 9 - The 238U decay chain.
23l!U Mean life't Half life T112 Main mode of decay Mean charged particle
decay family energy (e or a.)
238U 6.5x109 y 4.5x109 y alpha 4.2MeY
l>4'Jb 24 days beta 50 keY
234pa 1.17 min. beta 820 keY
234U 2.5xlOs y alpha 4.9 MeY
'""'Th 7.5x104 y alpha 4.7MeY
u"Ra 1600 y alpha 4.9 MeV
.<URn 3.8 days alpha 5.6 MeY
l,"pO 3.1 min. alpha 6.1 MeY
mpb 27 min. beta 336 keY
214Bi 20 min. beta 1270 keY
'''Po 16411S alpha 7.6 MeY
210pb 22 y beta 17 keY
l'''Hi 5 days beta 390 keY
l'"pO 138 days alpha 5.3 MeY
The general process that gives Lead from Uranium decay takes hundreds of thousand
years, due to the high half-life of 234U, but in a rock every decay stage is present. At
the equilibrium the activity of each isotope has to be exactly the same of the prog-
enitor, so we may consider that, on average, each Uranium or Thorium decay releas-
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es all the decay products of its decay chain.
We have seen that the alpha decay does not contribute to light production: in Table
lOwe see the physical parameters of heavy nuclei decays that are able to create a
light signal.
Table 10 - Physical parameters of heavy nuclei decays able to create a light signal.
Decay Chains Nuclide E,;gt. Gamma energy [MeV]
(decay energy. MeV) [ohotonsldecav I (gamma/decay)
238Ufamily ~ 206pb """TIt (0.27) 0 0.1 (10%)
234pa(2.20) 39 0-1 MeV (0.1 %)
1-2 MeV (0.2%)
mpb (1.0) 12 0
Z14Bi(3.27) 60 (+5 from 0.6 (46%)
gammas) 1.1 (15%)
1.2-1.4 (10%)
2.2 (5%)
""Pb (0.06) 0 0
Z1"Bi(1.16) 15 0
23SUfamily ~ 201Pb -=111 (0.39) 0 0
alAc (0.04) 0 0
mpb (1.37) 21 0.8 (4%)
20711 (1.42) 21 0
23111family ~ 208Pb --=Ra (0.05) 0 0
ll.llAc (2.13) 38 0
mpb(0.57) 4 0.3 (50%)
212Bi(2.25) (64%) 40 0
The second column gives the decaying isotopes and the decay energy, the fourth the
energy of gammas released during the beta decays with the probability of emission.
It is possible to see that the role of these gammas is negligible.
The third column shows the average photon release per decay due to the electron
-Cerenkov emission. We have numerically included the main physical effects, as we
did in Table 8 to estimate the light flux from 40K beta decay (emission spectra,
ranges, Cerenkov release).
The light releases are in general very small except those of 228Ac, 234Pd, 212Bi and
mainly 214Bi due to the energy of emitted electrons. The role of 214Bi is also
increased by the presence of energetic gamma rays that may release light (",5 pho-
tons per decay) as we have seen in 40K EC.
In conclusion, we may estimate that each 238U, 235U and 232Th decay is able to give
respectively 300, 50 and 100 photons.
Let us estimate the number of decays per rock kilogram for these three nuclei. We hav
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A _ QU2J8 1 _ 10-
7
1 - 1 2 decay kg-I S-1
'''U238 - ---- - 25 17 - •
MU2J8 .U2J8 4xl0- 2.0xl0
A _ qum 1 _ 0.0072 x 10-7 1 _ 0 06 d k .1 -I
'''U235 - -- -- - 25 16 -. ecay g s
Mum .um 4xlO- 3.2xl0
qTh232 1 10-7 1 0 4 d k -I -IATh232 = ------ = -25 17 =. ecay g s
MTh232.Th232 4xl0 6.4xl0
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With these data (rock with Potassium abundance of 1000 ppm, Uranium and Thorium
of 0.1 ppm) we may estimate the total photon release in rock, given in Table 1I.
Table 11 - Total photon release in rock
Nucleus rIight
[photons S-Ikg-I]
'lJK beta 700
4JK EC 120
238U 150
lJ~U 2,5
23~ 33
We have to treat now the process of photons exit from rock.
The heta decay photons escape from rock
Let us consider an element of calcite at depth "r" from the surface. We suppose that
calcite produces light isotropicaIIy; this light is subsequently absorbed with average
free walk A that may be considered the depth of the rock transparent "skin".
Fig. 10 - The physical parameters involved in the calculation of light emission from the 40K
beta decay inside the rock.
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The total flux exiting rock is given by the not-trivial integral: 
Fph(r)dr = - 1-2 (rugh1p,Sdr)f21rr2 sinBexp(- _r _ _!_ ho= 41l"r cos9 A. r 
= ~[exp(-~)-~E{~)lr1;8h1 p,Sdr) 
Where Ei is the exponential-integral function and the factor 1/2 takes into account 
the fact that only half of the emitted photons fly in the direction of the surface and 
may escape. The flux is then reduced very quickly due to the rock absorption. 
If we integrate this function from r=O (the wall surface) up to infinity we obtain the 
total light out-coming from rock: 
That is, the emission from rock corresponds to 1/4 of the total light produced up to 
the depth "A. With the usual assumption ("A rock transparency parameter, £light num-
ber of photons per decay, A number of decays per kilogram of rock) we may write 
that the total outgoing light flux is then 
Let us suppose that we have walls with "A=0.1, 1, 10 mm: than the light flux from rock 
is given by Table 12, calculated with the assumption that Potassium abundance in 
rock is 1000 ppm, and that of Uranium and Thorium is 0.1 ppm. 
Table 12 - A summary of light production from radioactive families inside rock with typical 
abundance, as a function of rock transparency. 
Nucleus flight Light Flux for Light Flux for Light Flux for 
[photons s-1 kg.1] A.=0.1 mm A.=1 mm A.=!Omm [photons m·2s·11 [photons m·2s·11 [photons m·2s·11 
""K beta 700 50 500 5000 
""KEC 120 0.3 30 450 
'"'
0 U chain 150 10 100 1000 
..,,U chain 3 0.2 2 20 
"""Th chain 40 3 28 280 
The light flux is linearly proportional to the radio nuclide abundances (scaling it to dif-
ferent abundances is trivial) and generally to "A, with the exception of gamma process-
es (for example the 40K EC) that depends on "A if A>Aei=l.5 mm and A.,2 if "A<l.5 mm. 
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Radioactive decays in water 
The Potassium and Uranium contents in fresh water are widely variable: the heavy 
nucleus abundance (0.03 ppm in sea water) ranges from 0.024 to 200 ppb (Kathren, 
1984). We may assume as "standard" values respectively 0.001 ppm for Uranium and 
1 ppm for Potassium respectively. 
This means that we are now assuming that for both radio-nuclides the water contents 
are 100 and 1000 times smaller than we assumed for rock (0.1 ppm and 0.1 % respec-
tively). Also the activities must therefore scale by the same factors; if we include all 
the detailed processes performed by electrons (or, for EC, by gamma quantum) in 
water (n=l.33, electron ranges more than two times longer) we may adapt Tables 8 
and 10 to obtain the light released by each decay process. 
Table 13 - Light released by each decay 
Decay Chains Nuclide Ei;ght 
(decay energy, MeV) [photons/decay] 
238lJ familv --> 206Ph LJ~Pa (2.20) 50 
""Pb (1.0) 8 
mBi (3.27) 90 
""Pb (1.0) 11 
235J T f.,m;Jv -" 207Ph "'Pb (1.37) 20 
LUITI (1.42) 21 
232Th familv -" 208Ph ""'Ac (2.13) 48 
"'Bi (2.25) <64%) 52 
"'Pb <0.57) 0 
"'Kbeta (1.3) 17 
-OK EC gamma~ comoton (-1.5 total) 35 
If we include the activity of the "standard" water taken into consideration, we may 
calculate (Table 14) the light released in water. 
Table 14 - Light released in water 
Type of decay A [Bqkg-1 ] rligh• [photons kg·1 s·1] 
"'K beta 0.4 7 
"'KEC 0.04 1.4 
z3~u 0.012 2 
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The Potassium contribution dominates, the main Uranium isotope is strong and the
Thorium and different Uranium isotopes are almost zero.
It seems a small light release, but water transparency, generally very high, can trans-
form this small effect into a strong light source in large underground water basins: a
water like that, filling a Type B cave (0= 10 m, see above) releases more than I mil-
lion photons per second, some 2000 photons m-2s-! on walls, roughly the same flux
than the Cerenkov light.
Obviously, the behaviour (coherence, directionality, rise time) of the two light emis-
sions are completely different, but it is so easy to detect that it is a source of random
noise in Neutrino experiments that have to use highly purified water 0 reduce the
energy threshold of data acquisition.
Neutron light sources
Others more exotic sources of light are surely working in caves.
The 238U undergoes self-fission decay, producing neutron fluxes and a complex of
gamma ray with 7 MeV of total energy. The neutron flux is very small (3.2 per fis-
sion) but it represents an important background source in neutrino astronomy
because the neutron capture on H releases a gamma pulse of 2.2 MeV, and capture
on other nuclei (C, 0, Ca, N) releases gamma ray pulses with energies ranging
around 5-1 0 MeV (Aglietta et a!., 1986).
These high-energy gamma rays may create high-energy electrons by pair production
or Compton scattering that can produce Cerenkov light if in water or crystals.
In underground laboratories carved in granite rocks the neutron fluxes are typically
0.5 neutrons m-2s-1 (Aglietta et a!., 1986), but in sedimentary rocks they are at least
one order of magnitude smaller. In Gran Sasso, for example (Bellotti et a!. 1985), the
flux is 0.03 neutrons m-2s-1•
We may estimate that the light production has an order of magnitude of one photon
per hour per square meter, really difficult to detect!
A "secondary" effect: the luminescence
We have almost finished our outlook on "standard" cave illumination, that is the light
fluxes produced in any type of cave. Other processes may be occasionally at work:
the most important one is probably luminescence (Forti & Hill, 1986).
Many materials are able to emit light when relatively cool, for instance electronical-
ly excited gases in neon lamps, inorganic crystals ("phosphors") in kinescopes, fluo-
rescent lamps and fireflies. The basic mechanism is simple: input energy is absorbed
by an isolated "centre" (atom, ion or molecule) that becomes excited and then emits
some photons when it returns to the unexcited state. Many types of luminescence are
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possible, depending upon the excitation mechanisms (fracture, X-rays, UV, heating
and so on) and on the time delay between excitation an emission: if the time delay is
perceptible the substance is called "phosphorescent".
These processes are not so usual and efficient, but many minerals act as phosphors:
barite, fluorite, willemite, scheelite and so on.
The most common are generally sulphide-type, consisting in a matrix of micro-crys-
tal sulphides with some impurities that act as activators in a very complex way. One
of the main candidates to participate to the illumination processes in caves is surely
the gypsum (calcium sulphide), very widely associated with the limestone caves
speleogenesis. Anyway, also calcite and aragonite appear to have fluorescent and
phosphorescent behaviour in particular cases (Cigna, 1962; Forti & Hill, 1986).
The atoms excitation underground may come from: UV photons from Cerenkov radi-
ation, energetic electrons produced by ionisation by the passage of a muon in the
material, alpha, X and gamma rays from heavy nuclei decays.
The first term is surely active because many calcites appear to be UV-fluorescent,
and we have seen above that the main part of Cerenkov emission is in the first UV
region. These minerals act as wavelength shifters, transforming an invisible UV pho-
ton into one or two visible photons. The total effect is then small, increasing the
Cerenkov total release in rock by a factor 2-3.
But in presence of luminescent minerals the ionisation is surely the most important
excitation process. The passage of a single charged particle through matter creates
thousands of free electrons per centimetre of flight. If the material has ionisation-
luminescent properties it may release a light pulse by far stronger than the Cerenkov
one. Then the terms depending on the radioactive decays (Potassium, Uranium and
Thorium) may be very large due to the large energy releases involved, that may be
in part transferred to light production: we must remember that the global transfor-
mation of 238U into 206Pb releases 60 MeV, that corresponds to the energy of tens of
millions of light photons!
In real cases, for instance, the liquid and plastic scintillators, widely used for particle
detection, are based on these processes and consist essentially of an organic sub-
stance doped with an activator (PPO) that releases UV photons on free electrons cap-
ture and a wavelength shifter (POPOP) that absorbs these photons and re-emits oth-
ers as blue light. These scintillators, strongly optimised for light emission, have a
luminescence light release a factor 100 higher than the Cerenkov contribution
(Particle Data Group, 1986)!
Obviously we do not know which are the cave minerals able to release light if excit-
ed by a crossing particle (it is a very simple study to carry out) although it seems rea-
sonable to suppose that all luminescent minerals are sensitive to ionisation. We may
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also suppose that they are not optimised for light emission: we may probably esti-
mate that the light released by luminescent minerals is one order of magnitude larg-
er than that released by the Cerenkov processes.
In any case we are speaking of light coming from the "skin" of the walls; we have
already seen that this type of lighting, generally speaking, gives a very small contri-
bution due to low rock transparency.
On the other hand the most efficient light producer in caves, the almost pure karst
water, does not produce any luminescent effects. We may therefore estimate that the
light coming from luminescence processes can be appreciable only in very peculiar
cases.
The illumination of under-ice Antarctica lakes
In recent year very huge, under-ice lakes have been discovered under the central
Antarctica ice sheet. The main basin is the Lake Vostok, roughly 3700 m below the
surface, 200 km long, covering an area of 14,000 km2 and in some places at least 500
m deep. The water temperature have to be around -2.5 0c. Around 70 other sub-
glacial water-bodies are known to exist, that probably form a vast hydrological sys-
te~, that may be a unique habitat for ancient bacterial life (Kapitsa et aI., 1996).
At this depth there is no residual light flux from the surface because the typical pho-
tons average walk inside ice ranges from few to some tens of meters: but the muons
can reach those waters.
From our graphic Intensity-Depth (Fig. 7) we may estimate the residual muon flux
in 10-8 muons m-2s-i; the typical length to cross the lake is around 500 m, but we
have to include also the Cerenkov contribution of crossed ice just above the lake.
Probably a total light release of 2xlO7 photons per muon is not far from reality. The
total light flux in those lakes is some 0.1-0.2 photons m-2s-i, which appears to be
unusable for life.
We do not know anything about origin and chemistry of those waters, so no other
light flux (from beta decay, fluorescence and so on) can be estimated here.
Lights at giant depths
We may conclude our overview on caves darkness looking for light presence in
"caves" at enormous depth. It is reasonable to think that only in the first 50-80 km of
depth some cavities may exist, filled with water or extremely highly pressurised
gases: below this level, the rock plasticity probably suppresses "caves" formation.
In these cavities the processes described just above (light production from beta decay
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and neutron captures) are surely active with their typical fluxes.
The cosmic ray muons cannot attain those depth, but neutrinos can easily (they cross
the Earth without interaction), even though they cannot give any light signal being
electrically neutral. However sometimes a neutrino interacts with rock producing a
muon, which travels for some length interacting with rock and, in case, with caves.
At giant depth we can therefore detect a constant flux of muons produced isotropi-
cally in the hundreds of meters of rock surrounding the observation point
(Noell, 1971). This flux, that allows us to study the high-energy neutrinos (and allows
the HE Neutrino Astronomy), is about 2x10-7 muons m-2s-1.
A water bubble of I ton (Type 0 cavern) is then crossed by 5 muons per year, say, it
"sees" one thousand photons per year, that is 10-20 lux, 1/50 of the light given on
Earth by a candle on the Moon. It is really dark.
This is the residual external light, a rare flash that sometimes overwhelms the light-
ing of local beta decays ...
Physiological effects
The process of vision is very complex and poorly understood, but fortunately its fea-
tures are outside the purposes of this paper. But we want to give some overlook to
understand, finally, why the caves appear so dark to us.
Every "eye" consists essentially of a light collector, a photosensitive receiver that
transforms the image into pulses and a system that reconstructs the image converting
it in a "sensation". The first part is essentially represented by the pupil, whose dimen-
sions widely change between vertebrates depending upon the typical working light
fluxes: owls have pupils very large ... The second part is the retina, an extremely com-
plex nervous system (it is said "a second brain") whose photosensitive receptors are
cells (rod and cone) that transform light produced molecular changes into nervous
excitation. The last part is the brain, that creates an image sensation based on nervous
data: almost nothing is known about this last phase.
Our question is: what is the smallest photons number that will produce a visual
response in complete darkness? Experiments have shown that a single rod cell
responds to the absorption of single photon acting on a single molecule. However
this response does not produce visual sensation: the brain would be submerged by
data. To have a visual sensation it is necessary to have a minimal response at about
the same time (but the retina time resolution is low) in at least five rod cells within
a small area of the retina. (0'Arcy & Porter, 1962)
This shows that the "vision" is something different from the simple photon detection,
and in fact it has completely different purposes. It is not strange that caves appear to
us as dark: the general features of caves illumination do not fit with the vision para-
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meters selected outside by life evolution.
We have seen two features of the caves lighting: the average flux is very low and is
released in extremely short pulses. At first we have to note that the fluxes are, almost
in many cases, not so small to be undetectable by physiological systems, and that the
pulsed behaviour of detecting systems is not so strange for life purposes: let us
remember the bats ultrasonic detector. But physiological systems appear to have a
low time resolution response and they "smoothes" light fluxes on "large" times, los-
ing the main way to detect these pulses on account of their extremely short time dura-
tion.
It is interesting to discuss the visibility of Cerenkov pulses into the eye. Some pio-
neering attempt was made forty years ago by D' Arcy and Porter (D' Arcy & Porter,
1962) to study the visual detection of single relativistic cosmic ray muons. Many
other studies in this field were then carried out after astronauts of Apollo program
reported unexpected visual sensations (light flashes) (McNulty, 1971; Charman &
Rowlands, 1971). The exact mechanism has been a subject of controversy, because it
is not easy to discriminate between Cerenkov radiation and direct ionisation and
excitation of molecules at the retina. In these years an experiment has been devoted
to these studies in Mir (SilEye) and another (ALTEA) is planned in International
Space Station (Avdeev et aI., 2001).
Let us return underground, as in the Grotta Gigante. The average muon flux (20
m-2s-1) and the eye's surface (5 cm2) allow us to estimate in 100 s the average time
between two muons interactions in an eye. This means that, roughly one time per
minute, we are going to see a production of 50,000 photons in our eyes, directly
against retina. If we compare it with the fluxes from a 6m star we may see that we
have roughly the same intensity: it is difficult, but we may see it! So, it is probable
that a part of phosphenes (the luminous impression due to excitation of the retina by
other than impingement of light) that we may see in caves darkness is the visible part
of cave illumination ...
Shooting photos in natural underground light
We have seen that the light fluxes underground are easy to detect for modem instru-
ments. It is very natural to ask if it is possible to make photos ...
Let us calculate the exposure times to obtain pictures in natural underground light.
Let us call "k" the lens aperture (f/k) and T the exposure time in seconds. It is wide-
ly used the concept of Exposure Value, a number referring to the combination of k
and T, which gives the same resulting exposure on the film. It is defined for 100 ASA
film as
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EV = log2 (~ ) = 3.32 IOg( ~)
The EV is correlated with the light flux F (in lux) by
F =2.6x2EV
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This gives us a relation between the light flux and the shooting parameters on a 100
ASA film:
e
T=2.6-
F
The flux F is the flux of light reflected from surface, not that impinging on it. Let us
call "r" the surface albedo as above. In this case
k2
T [years] = 3 x 10
8~ -2 -I]r F hotonsm s
Table 15 - Light flux in various caves and exposure time to make a good picture
Case Light flux F
[photons m,2s"]
4
20
0.15
6
2000
15
,5
0.2
Exposure time on a
400 ASA film, filA
[ ears]
4
9
This playful table gives us the exposure time, in years, to make a good picture in the
various cave types described above, with natural light on a 400 ASA film with lens
aperture filA, and r=0.2.
We have considered here only the light flux coming from muons Cerenkov release in
water or air, but not the contributions of rock as the Cerenkov light from muons in
rock and in water veil on surface, or from beta decays, fluorescence effects and so
on.
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Conclusions
The cosmic radiation and other secondary effects are able to release visible light in
underground cavities, mainly by the Cerenkov effect. The illumination increases lin-
early with the cavity dimensions.
These light emissions are largely used for cosmic rays studies, especially in
Underground Neutrino Observatories, and generally speaking are able to give phys-
iological effects, but the need of noise reduction forces the brain to disregard such
weak signals in the construction of a visual sensation. This is the reason why caves
appear to us so dark.
It is easy, for us, to design "eyes" able to reconstruct images from light fluxes in
caves, but they would be large and energetically expensive devices that could work
only in large cavities. The Nature, more cleverly, seems to have chosen different and
simpler ways to give good detectors of the surrounding world to the underground
life.
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NEW RARE CAVE MINERALS FROM THE
PEROLAS-SANTANA KARST SYSTEM
(SAO PAULO STATE, BRAZIL)3
Paolo FORTI I, Ermanno GALLI 2, Antonio ROSSI 2
RIASSUNTO
II sistema carsico Perolas-Santana (Stato di San Paolo, Brasile) era gia stato parzialmente stu-
diato in precedenza per quanto riguarda i minerali secondari di grotta. II presente lavoro cos-
tituisce un ulteriore contributo per la sua migliore conoscenza da questo punto di vista aven-
do permesso di individuare oltre alla presenza di bei cristalli di celestina, un minerale piuttosto
raro per I'ambiente carsico: la Iithiophorite. Con questi ritrovamenti iI sistema carsico Perolas-
Santana diventa una delle grotte piu importanti dal punto di vista mineralogico di tutto iI
Brasile. I risultati delle analisi chimiche effettuate su frammenti di questo ossido-idrossido di
manganese han no evidenziato una distribuzione zonata degli elementi che 10 costituiscono,
per cui si pub ipotizzare una genesi del minerale in momenti diversi e da soluzioni con chimis-
mo variabile nel tempo.
Parole chiave: lithiophorite, chimismo, minerali di grotta, Perolas-Santana, Brasile.
ABSTRACT
The Perolas-Santana karst system (Sao Paulo State, Brazil) has been partially studied from the
mineralogical point of view. The present paper will contribute to the knowledge of the miner-
als in these caves, describing the occurrence of euhedral celestite crystals and of a rather rare
mineral for a cavern environment: Iithiophorite. Thanks to these new discoveries the Perolas-
Santana karst system becomes one of the most important in Brazil from a mineralogical point
of view. Finally, the result of the chemical analyses carried out on this newly discovered Mn-
oxyhydroxide put in evidence a zonation in the distribution of the different elements which
may be related to several subsequent depositional events characterized by solutions with a
chemical content variable in time.
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Introduction
Until present only a couple of preliminary researches were carried out on the sec-
ondary cave minerals of the Perolas-Santana karst system (Barbieri, 1993;
Labegalini & Auler, 1997): they report the study of several speleothems, all of
which are relatively common for the cave environment. They evidenced the wide-
spread presence of secondary deposits of calcite, aragonite, hydromagnesite, gyp-
sum and limonite. Moreover, thin leucophosphite and hydroxylapatite crusts were
reported only for the Santana cave (Tab. I).
Table 1. Cave minerals actually known from the Perolas-Santana karst system (the aster-
isk marks those discovered during the present research, the question mark indicates that it
is not completely demonstrated the secondary origin of illite)
Mineral Formula Occurrence
Aragonite CaCOJ Cave pearls, helictites, moonmilk, stalactites
Calcite CaCOJ All kinds of speleothems
* Celestite SrSO, Small euhedral crystals
Gypsum CaSO,2H2O Crystals, crusts, helictites
Hydromagnesite Mgs(COJ),(OH),4H,O Moonmillk, powder
Hydroxylapatite CalPO,MOH) Crusts, powder
* Illite (K, H,Q)(AI, Mg, Fe), Hard translucent grey masses dispersed in the
(?) (Si, AI).oJO[(OH)" H,O] Jithiophorite rich crusts
Leucophosphite KFe,(PO,),(OH) 2H,O Crust, powder
Limonite Thin crust over pyrite
* Lithiophorite (AI, Li) MnO,(OH), Thick black translucent crust
In 2001 the Italian Institute of Speleology together with the Department of
Environmental and Marine Sciences of the University of Triest performed an
hydrogeological (Ayub et al., 200 I) and geomorphologic (Forti et al., 200 I) study
of this karst system. During this research some secondary cave deposits were
sampled to improve the knowledge on the minerogenetic processes active inside
these caves. Therefore the widespread calcite, aragonite, hydromagnesite and
gypsum speleothems were not taken into consideration because they were already
well described, but a single phosphate deposit has been sampled because most of
them were located in areas not reached during this study.
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The research was mainly focused on some blackish crusts found inside the Perolas
cave and some small pale blue crystals growing around and over the large gyp-
sum deposits in the Santana cave. The analyses of these cave samples permitted
the detection of lithiophorite and celestite (and perhaps illite), which are rather
rare in a cave environment (Hill & Forti, 1997).
In the present paper, after a short geological and hydrogeological overview on the
Perolas-Santana karst system, the analysed samples are described from the min-
eralogical point of view together with the possibile genetical mechanism that
allows for their depositing inside these caves. Accurate analyses were made on the
samples of Iithiophorite, a Mn-phyllomanganate characterized by a very variable
chemical composition, which is controlled both by the possible ionic substitution
inside its crystal structure and by the typical occurrence of the mineral as fine-
grained masses strictly intergrown with other manganese oxides.
Geological and hydrogeological overview
The Perolas-Santana system is located on the SW slope of the Serra di
Paranapiacaba in the high Ribeira river valley, Iporanga municipality, south-east-
Santana Ca,'e
fy
/-"
~
/ •..•/\. Tobias t 1 Km
rrH'" Cave NI-""'- Perolas 1Can
Fig. 1- Index map and sketch for the Perolas-Santana karst system
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ern sector of the Sao Paulo State, Brazil (Karmann & Sanchez, 1986; Karmann,
1994) (Fig. I). The area is characterized by several highlands with an average ele-
vation of 700 m asl with mountains reaching 1000 m. The weather is tropical
humid (Gutjahr, 1993) without any dry period. The rainfall ranges between 1500
and 1850 mm/yr (1604 mm being the average over the period 1974-1993) and are
equally subdivided along the year with about 10 "strong" events. The tempera-
ture ranges from 20°C (average minimum) to 27°C (average maximum). This cli-
mate induces the development of a thick vegetable cover, locally known as «Mata
Atlantica».
The area is characterized by the outcropping of rocks belonging to the A~ungui
Group, which consist mainly of gneiss and migmatites with marble and quartzite
intercalations (Campanha, 1991). The recharge area of the Perolas-Santana devel-
ops in low rank metamorphic rocks (arkosic sandstones with quartz conglomerate
intercalations, siltstones, limestones and dolostones). Normally the limestones are
more or less dolomitic and partially recrystallized, sometimes with a low marl
content; they have from small to medium grain size, a dark grey colour and are
clearly stratified. Locally they present some intercaltions of phyllites which in
turn are rich in iron oxides-hydroxides and illite. The limestone-dolostone unit
underlies quartz-sericite phyllites and schists.
The surface of carbonate rock is characterized by covered tropical karst features,
with extremely scarce outcrops and huge doline-like depressions. Most of these
depressions receive streams flowing in small lateral valleys and have active sink-
holes at the bottom. The high evapotranspiration together with the scarce perme-
ability of the thick soils avoids a diffuse infiltration and therefore the recharge of
the karst aquifer occurs mainly through the sinkholes while the seepage in areate
zone remains very low.
The aquifer is characterized by a few main drainage tubes, represented by wide
often well decorated galleries partially occupied by collapse boulders. The devel-
opment of the cave passages is driven by the dip of the strata, which are often sub-
vertical. The Perolas and Santana caves are respectively the upstream and the
downstream part of the karst system, which is crossed by a perennial river with a
base flow of about 0.0 I m3/s.
Floods occur a few hours after main episodes of rainfall and they induce an
increase in the water level of over I m. The hydrodynamics of the system are so
fast that the floods last only 4-6 hours.
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A detailed analysis of all the samples by the stereoscopic microscope was per-
formed to distinguish and to separate the different mineralogical phases present in
each sample. Then the single phases were analysed by a powder diffractometer
(Philips PW 1050125), when the material was quantitatively sufficient and homo-
geneous, or by a Gandolfi camera (0 : 114.6 mm, exposition: 48 hrs ), when the
material was scarce or inhomogeneous. The experimental conditions were always:
40Kv e 20 mA tube, CuKa, Ni filtered radiation (A = 1.5418 A). The same sam-
ples analyzed in the Gandolfi camera were later used to obtain images and chem-
ical qualitative analyses through an electron scanning microscope (SEM Philips
XL40) with an electronic microprobe (EDS - EDAX 9900) in the "Centro
Interdipartimentale Grandi Strumenti" of Modena and Reggio Emilia University.
Quantitative chemical analyses were performed with an ARL-SEMQ electron
microprobe operating in a wavelength dispersive mode at 20 keY, with a 20 nA
sample current and 30 foun beam diameter. The standard used were BH I micro-
cline (Si, K), BH5 spessartine (AI, Mn), BH7 ilmenite (Fe, Ti), paracelsian (Ba),
metal Co 100% (Co), NiSoCr20 (Ni), CU63Zn37 (Cu, Zn), stoichiometric Ca2P207
(P), REE3 glass (Ca, Ce); data acquisition and processing by the PROBE program
(Donovan, 1995).
Water content was determined by thermogravimetric analysis on 12.02 mg of
sample using a Seiko SSC/5200 operating at 100/min to 10000 in air. Li20, Na20
and MgO were detected with an Atomic Absorption Spectrometer (AAS) Perkin-
Elmer mod. Analist 100.
Morphology of the samples and identification of the their mineralogical phases
Four different samples were taken along the main gallery of Perolas Cave, where
the underground river flows:
Per. 1: Fragment of a blade shaped pendant (Fig. 2), the evolution of which was
caused by the erosive action of the water during the floods. The sample was taken
from the main gallery ceiling. It is a fragment of an orange calcite speleothem
with a compact structure and rare small cavities, which is completely covered by
a millimetric black translucent crust. In a single part, between the calcite
speleothem and the overgrown black crust, there are small lens-shaped pockets of
very thin sedimentary materials, in which quartz and mica crystals can be recog-
nized by the naked eye.
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Fig. 2 - The boxwork sampled (Per. 1) in the Pero/as cave: the black thin outer crusts 
proved to be lithiophorite 
The Rx analyses show that this speleothem consists of calcite while the sediments 
in the pockets are composed of illite, quartz chlorite and feldspar. The definition 
of the mineralogical composition of the black crust was rather more complicated, 
because it consists of several very thin superimposed layers and is poorly crystal-
lized. Its determination was possible only by using a Gandolfi camera with an 
exposure of over 48 hours , and it was confirmed later by an E.D.S . analysis: the 
mineral forming the crust is lithiophorite, a Mn-oxyhydroxide rather rare in the 
cave environment. 
Per. 2: Fragment of a pale brown speleothem taken about 70 cm above the base 
level of the underground river. On its surface there are clear solution grooves par-
allel to the speleothem elongation. Diffractometric analysis results showed pure 
calcite. 
Per. 3: Fragment of a lens-shaped boxwork 1 cm thick consisting of an illitic 
micaschist with a trace of feldspar. It was hanging from a balcony 30 cm over the 
base level of the river and evidently was involved by strong water flow during the 
flooding. The fragment consists of a iron grey translucent schist covered by a thin 
layer of an earthy, fine grained, brown material. The general aspect is of a mate-
rial which underwent strong erosion and/or corrosion. It consisted of pure illite as 
evidenced by Rx analyses. 
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Per. 4: Fragment of a 3 cm thick crust grown over a large boulder which was in 
the past interested by water flow during the flooding (Fig. 3). It consists of a black 
microcrystalline, often cracked material, with some thin layers and/or pockets of 
a thin grained sedimentary pink yellowish material with many rounded quartz 
fragments inside. The black material normally has an earthy aspect but sometimes 
consists of a crust of small shining metallic spherical aggregates; each sphere is 
Fig. 3 - The thick lithiophorite crusts of Per. 3 sample 
composed of thin concentric layers with an onion-like sheeting. Some transpar-
ent vitreous euhedral elongated prismatic crystals are present over the sphere sur-
faces, and inside of fractures and small cavities. Diffractometric and Gandolfi 
camera analyses proved that the black material is lithiophorite, the sandy one is 
illite and quartz, while the transparent crystals are calcite. 
Five samples were taken from Santana Cave, all of them in the area where the 
maximum concentration of gypsum occurs in order to define mineralogically 
some small speleothems growing over the gypsum and/or over corroded calcite 
formations. 
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San. 1: This sample was taken from a subvertical wall (Fig. 4) and consists of: a) 
a small fairly radiate aggregate of elongated prismatic pale-blue crystals (0.3 x 0.2 
x 5 mm) of celestite as proved by diffraction; b) a thin crust (10 x 18 x 4 mm) of 
prismatic crystals developing over a milky-white powder composed of pure cal-
cite; c) an aggregate of transparent euhedrar monoclinic tabular crystals that 
Fig. 4 - Small pale blue-grey celestite crystals over a gyspum crust (San. I sample) 
proved to be gypsum; d) two small cylindrical fragments (6 x llmm e 6 x 7mm) 
of a helictite (Fig. 5). From outside to inside, both of the fragments consist of a 
thick aggregate of celestite crystals grown over the helictite, several thin layers of 
calcite representing the main structure of the speleothem, and fin ally the feeding 
hole was partially filled by calcite microcrystals sometime associated with small 
pockets of aragonite powder. 
San. 2: Small rosette aggregates (Fig. 6) of vitreous, transparent, tabular prismat-
ic, irregular crystals .of celestite (0.2 x 0.2 x 2mm) growing over an earthy, pale 
hazel-brown material. 
San. 3: White-greyish earthy powder associated with a lithic vacuolar pale hazel-
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Fig. 5 - Sketch of the helictite present in the San. 1 sample: a) celestite; b) calcite layers; c)
calcite microcrystals; d) aragonite powder
Fig. 6 - SEM image of a rosette aggregate of celestite crystals from Sail. 2 sample
136 Paolo Forti, Ermanno Galli , AnLOnio Rossi 
brown material developed over a strongly corroded stalagmite (Fig. 7): both 
proved to be apatite. 
Fig. 7- Santana cave: a calcite stalagmite heavily corroded by sulphuric acid and partially 
transformed into apatite 
San. 4: Pale green-greyish clayey material with a fairly greasy flat or partially 
rough surface and containing several small white spheroidal masses taken in the 
floor close to sample San. 3. This sample consists of apatite. 
San. 5: A pale grey sand often cemented by a thin crust of variable thickness 
and/or color: the sand was made by quartz, illite, clorite and felspar and the crust 
by calcite. 
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In the sample from the Santana cave the analyses always shown the presence of
celestite (SrS04)' the deposition of which evidently represented the final stage in
the chemical deposition of the sulphates when all the available solution evapo-
rated.
Celestite in the Santana cave is present as crusts of pale-blue, prismatic parallel
crystals, in rosette aggregates or in euhedral crystals elongated [100], with equant
cross, {2l0}forms prevalent, the {Oil} and {IOI} forms are commonly exhibit-
ed, while the {OOI } one is quite absent (Fig. 8). Over a face of the prism {21O}
biogenic structures are evident, which are probably related to the sulfur-oxidizing
Fig. 8 - SEM image of a celestite single oystals from San I sample with evidellt biogenic struc-
tures
micro-organisms, responsible for the production of the lS04]2- ions which in turn
caused the mineral crystallization. As for most of the caves in which celestite is
present (Hill & Forti, 1997) the source for the strontium is surely represented by
the carbonate rock in which Perolas cave is developed. The sulphate ion comes
from the oxidation of pyrite crystals, which are fairly common inside the dolo-
stone walls of the cave (Fig. 9), and which are exposed to weathering by meteoric
seeping waters.
138 Paolo Forti, Ermanno Galli , Antonio Rossi 
Fig. 9 - Perolas cave: small pyrite crystals exposed by karst erosion and partially transformed 
into limonite 
In the samples San. 3 and San. 4 a mineral of the apatite group was detected, that 
correspond to the hydroxylapatite already sampled in the same place and charac-
terised by Barbieri (1993): therefore no further analyses was performed on them. 
The analyses of the samples from Perolas cave detected several minerals, some of 
which cannot be considered true "cave minerals". In fact, all the chlorite, quartz, 
feldspar and most of the illite, present as sandy clayley sediments in the Per. 1 and 
Per. 4 samples, are clearly the products of the erosion over the rocks present in 
the recharge area of the underground river. 
Calcite is surely primary in origin in the Per. 1 (fragment of a limestone rock), 
while is a true cave minerals in Per. 2 (a corroded speleothem) as well as in Per. 4, 
where the euhedral vitreous transparent crystals formed via evaporation during 
the long periods in which the area is not interested by an active water flow. These 
calcite crystals are elongated along the prism { 10 -10), which is also the predom-
inant form (Fig . lOa) , and terminate with the rhombohedron { 01-11 ), the faces of 
which host strange micro-stalactitic growing structures (Fig. I Ob). 
Illite has often been reported in caves, but most of these reports refer to detrital 
(residual) occurrences. The first cave in which illite has been demonstrated as 
being secondary in origin was Fata Morgana cave in Turkmenistan (Lazarev & 
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Fig. 10 - SEM image of secondary calcite crystals from Pel: 4 sample: A) general view of a
crystal elongated along the (10-1 Ojprism, and terminated with the rom!Johedron (01-11 j, over
the faces of which strange micro-stalactitic accretion figures occur (B)
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Philenko, 1976) and after in other caves of the same region (Maltsev, 1993). In
these occurrences illite was present up to 20% in a terrigenous sediment and under
the electron scanning microscope illite was found to form euhedral crystals up to
I I.l in size. The origin of this mineral (Hill & Forti 1997) relates to the weather-
ing of silicate minerals within the cave environment induced by frequent changes
in humidity in an acidic environment (pH = 4.5 -5.5): this genetic mechanism fits
perfectly with the Perolas occurrence of illite and it is therefore reasonable to
define at least one part of the illite present in the samples Per. 1 and Per. 4 as "sec-
ondary cave mineral". In fact both these samples were taken in places cyclically
flooded and then dried for relatively long periods. An acidic environment is also
guaranteed by the actively oxidizing processes of pyrite dispersed in the carbon-
ate rock, while the initial silicates are present both in the phyllite intercalations
and in the debris coming from the catchment area.
The idea that illite should be at least partially secondary is strengthened by its
occurrence together with lithiophorite, surely a secondary cave mineral, which
needs exactly the same environmental conditions. The presence of high amount of
lithiophorite in the Perolas cave allowed for detailed investigation on its mor-
phology and, for the first time, on its chemical variance in a cave environment.
Lith iopllOrite
Lithiophorite ([(AI, Li) Mn02(OH)2J a trigonal oxyhydroxide of Mn with a low
quantity of Li and with ao = 2.925, Co = 28.169 A, Sp. Gr. R-3m has been known
since 1870 (Frenzel, 1870), but for many years it has been considered to be "wad",
a generic term still utilised to define some varieties of undifferentiated Mn oxides.
Lithiophorite was defined as distinct mineral by Ramsdell only in 1932, and was
described as widely occurring in soils, in ocean-floor Mn-crusts, and in weather-
ing zones of ore deposits. Normally lithiophorite occurs as fine-grained masses,
but sometimes also as relatively large euhedral crystals. It is rather rare as a cave
mineral, up to present being reported only as a minor component of stalagmites in
the Martel Cave of the Sima Menor de Sarisarifiama, Venezuela (Urbani ef al.,
1976) and in the Aleko Cave, Bulgaria (Shopov, 1993). The lithiophorite is char-
acterized by a layer structure with alternate sheets of [Mn4+061 and
[(Al,Li)(OH)6J octahedra at an interval of loA (Wadsley, 1952; Post &
Appleman, 1994).
The available chemical analyses of lithiophorite coming from several different
localities in the world put in evidence a extremely variable Li content (from 0.2
to 3.3 oxide weight percent) (Mitchell & Meintzer, 1967; Ostwald, 1988). Many
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other elements (Co, CU, Zn, Ni) may easily enter in the structure replacing the
centro-octahedral aluminium (Post & Appleman, 1994).
The Perolas lithiophorite occurs as millimetric crusts of small spheroidal glassy to
metallic-luster grains, the structure of which is layered and apparently homoge-
neous. Fig. II A, B, C and 0 shows the SEM images of one of these spheroidal
grains where its laminar concentric structure and the dishomogeneity of its single
growing layers are evident. All the chemical analyses and the thermogravimetric
analysis have been conducted on fragments checked for purity by X-ray diffrac-
tion using a Gandolfi camera in order to avoid impurities. The content of Li20,
Na20 and MgO, carried out by AAS, were 0.19, 0.84 and 0.45 respectively, while
the water content determined by TG was 20.36 %.
A
B
Fig. 11- SEM illlage ofa spheroidal grain oflithiophoritefrolll Pa 4 sample: A) external view
with evidelll dehydration cracks; B) illlernallalllinated structure.
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c
D
Fig. 11- SEM image of a spheroidal grain of lithiophorite from Per. 4 sample: C) enlargement
of the B image to make evident the dishomogeneity inside each layer; D) fragment utilized to
obtain the SEM element maps of Fig. 12
Obviously the values are average ones having used only discrete fragments and
not spot analyses.
The Li content of the Perolas lithiophorite (0.19%) is one of the lowest among
those in the literature, similar to that (0.2% ) of the cave lithiophorite from the
Sima Menor de Sarisarifiama, Bolivar (Urbani, 1996) and of the non cave lithio-
phorite from Charlottesville, Virginia (Mitchell & Meintzer, 1967): anyway it
must be cited that Ostwald (1988) put forth the hypothesis that a non-lithium-con-
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taining lithiophorite may also exist.
Table 2 lists the values of 29 individual chemical point-analyses carried out on 6
small fragments of lithiphorite, along with their mean values, arranged in three
chemically homogeneous groups.
It is evident that the mean values for K20 (0.08-0.23), CoO (0.74-0.98), Ti02
(0.03-0.21) are rather constant, while the values for CaO (0.44-1.17), FeO (0.17-
0.72), NiO (0.55-1.11), CU20 (0.82-1.47), ZnO (1.17-1.74), P20S (0.12-1.00) pre-
sent a moderate variability, and those for BaO (1.13-6.13), MnO (40.08-49.76),
Si02 (2.10-4.77), AI203 (10.53-21.19), Ce203 (0.98-15.49) a very high variabili-
Table 2. Chemical analyses of lilhiophorile from Perolas cave
N° BaO MnO FeO CoO NiO Cu,O 2nO Ce,O, Ti02 CaO K20 P,O, SiO, AI,O,
313 4.09 39.18 0.75 0.70 0.54 0.71 1.16 15.35 0.00 1.27 0.21 1.10 4.39 11.95
314 4.58 39.45 1.02 0.57 0.41 0.81 1.13 19.73 0.00 1.42 0.23 1.35 '4.39 10.16
315 3.64 38.41 0.55 0.71 0.53 0.91 1.14 13.87 0.00 1.13 0.20 1.03 4.79 11.85
329 4.79 42.80 0.42 0.88 0.69 0.90 1.16 13.18 0.10 1.05 0.24 0.71 2.87 10.02
331 4.33 43.69 0.53 0.97 0.72 0.99 1.19 10.48 0.08 1.00 0.25 0.69 3.21 12.49
332 4.90 36.95 1.03 0.62 0.43 0.59 1.21 20.33 0.00 1.15 0.24 1.13 6.51 9.74
Al'er. 4.39 40.08 0.72 0.74 0.55 0.82 1.17 15.49 0.03 1.17 0.23 1.00 4.36 11.04
324 6.38 49.63 0.26 0.73 0.60 0.87 1.41 2.88 0.23 0.79 0.34 0.31 1.78 9.61
325 7.36 50.78 0.26 0.65 0.48 0.70 0.99 4.90 0.24 0.91 0.41 0.42 2.12 8.18
326 6.26 50.09 0.41 0.84 0.71 0.80 1.33 2.55 0.23 0.74 0.32 0.28 2.11 11.18
327 6.31 50.53 0.39 0.78 0.69 0.89 1.25 2.99 0.24 0.77 0.35 0.28 2.24 10.27
328 5.98 49.78 0.51 0.85 0.82 0.88 . 1.55 1.79 0.19 0.70 0.32 0.21 2.17 10.89
330 4.52 47.73 0.55 0.95 0.93 1.09 1.63 2.33 0.15 0.69 0.24 0.22 2.20 13.02
A.'er. 6.13 49.76 0.40 0.80 0.71 0.87 1.36 2.91 0.21 0.77 0.33 0.29 2.10 10.53
298 2.18 41.72 0.01 1.04 0.98 1.38 1.63 1.71 0.07 0.58 0.12 0.22 6.74 20.01
299 0.83 41.85 0.02 1.09 1.14 1.39 1.67 1.71 0.02 0.46 0.05 0.12 4.44 21.26
301 0.68 41.67 0.00 0.96 1.07 1.74 1.98 0.68 0.04 0.35 0.05 0.08 4.30 21.76
303 1.06 42.21 0.01 1.22 1.28 1.27 1.78 1.39 0.05 0.45 0.08 0.12 4.41 20.56
305 1.19 42.21 0.22 0.99 1.07 1.57 1.72 0.44 0.04 0.41 0.09 0.11 4.54 21.10
306 1.27 42.22 0.05 1,04 1.00 1.37 1.52 0.80 0.03 0.46 0.08 0.13 4.82 21.14
307 1.55 42.47 0.11 1.04 1.01 1.51 1.59 0.70 0.07 0.47 0.10 0.10 5.26 20.89
308 1.26 42.56 0.09 1.00 1.02 1.65 1.54 0.49 0.06 0.41 0.08 0.12 4.60 21.43
309 0.80 41.45 0.23 0.87 1.01 1.47 1.79 0.58 0.01 0.43 0.07 0.09 4.59 21.93
310. 0.54 42.97 0.13 0.81 1.17 1.56 1.91 0.39 0.01 0.33 0.05 0.06 3.12 22.18
311 1.34 41.62 0.42 0.88 1.03 1.41 1.84 1.17 0.05 0.47 0.09 0.15 5.39 20.48
312 0.96 41.72 0.31 0.84 1.16 1.65 1,93 0.45 0.04 0.39 0.07 0.06 4.53 21.33
316 2.00 43.43 0.10 1.04 1.00 1.20 1.57 1.69 0.06 0.57 0.14 0.17 5.78 20.55
320 1.36 41.61 0.42 1.00 1.12 1.37 1.65 1.98 0.Q3 0.53 0.08 0.16 5.89 21.05
321 0.66 42.26 0.26 0.89 1.06 1.50 1,69 0.46 0.02 0.39 0.07 0.08 4.88 21.88
322 0.53 43.16 0.13 0.80 1.40 1.74 2.04 0.27 0.02 0.29 0.Q3 0.07 2.52 21,92
323 1.06 41.77 0.36 I.2J 1.38 1.26 1.69 1.74 0.01 0.53 0.07 0.19 5.35 20.78
Aver. 1.13 42.17 0.17 0.98 1.11 1.47 1.74 0.98 0.04 0.44 0.08 0.12 4.77 21.19
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ty. This variability in element contents has also been shown by some SEM maps
(Fig.12), which allow the visualization of the clear zonation in the distribution of
Si, AI, Ce, Mn, Fe e Ba. The clearer areas correspond to zones in which the ele-
ments are in higher concentration, while the darker areas correspond to lower con-
centrations, which are also represented by a lower resolution (higher graininess)
of the map.
In the first row, beside the image of the examined fragment, the maps for Ca and
Co are reported, which show a rather homogeneous distribution and a generally
low concentration. It is also evident that the two groups, Si, AI, Ce (second row)
Fig. 12- SEM image of the fragmellf of Fig. 11 D and distribution maps for Ca and Co (first
row second and third images),for Si, Al and Ce (second row) and for Mn, Fe, Sa (Third row).
Explanation in text.
and Mn, Fe, Ba (third row), are not only present zonations but are also comple-
mentary to each other: the areas with higher Si, AI, Ce content have always a
lower Mn, Fe, Ba content and the reverse. In the figure the maps for 0, Mg, P, S
and K are not reported because they have an homogeneous distribution similar to
that of Ca.
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In order to make evident the relative relationships between the most variable ele-
ments, some color maps have been prepared in which the red and green represent, 
respectively, the couple Al-Si, Fe-Ba, Mn-Si (Fig. 13) and Al-Ba, Mn-Ce, Ba-Ce 
(Fig. 14). If the overlapping of the red and green of the different couples gives 
rise to yellow, it means that there is a similar distribution for the two elements, 
while if the result is red or green it indicates a clear prevalence of related ele-
ments. 
The lack of single crystals avoided the possibility to verify if this strongly zonat-
ed distribution was due to the presence in the same sample of several different 
mineralogical phases or (less probably) to a single phase with a highly variable 
chemical composition. 
Therefore, even if the powder spectrum closely agrees with that of lithiophorite 
in the literature, it cannot be excluded that the Perolas lithiophorite deposited inti-
mately mixed with other amorphous or low crystalline Mn oxides, as referred by 
Ostwald (1988) for other Mn minerals. The same Author suggests that the pres-
Fig. 13- SEM colour maps and overlap maps for Al-Si, Fe-Ba, Mn-Si. Explanation in text. 
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Fig. 14- SEM colour maps and overlap maps for Al-Ba, Mn-Ce and Ba-Ce. Explanation in 
text. 
ence of transition metals like Co2+ (0.72A), Ni2+ (0.69A), Cu2+ (0.76A), zn2+ 
(0.74A) in the lithiophorite is not the simple result of a diadochic replacement of 
Mn2+ (0.80A), Mn4+ (0.60A) and Li+ (0.68A) ions in the structure, but it may 
derive from a hybrid of "pure" lithiophorite and absolane (Ostwald, 1984). 
On the other hand, if the hypothesis of a single phase was the true one, it should 
be extremely difficult to justify the presence of large radius like Ce2+ ( 1.07 A) e 
Ba2+ ( l .54A) in the, even very open, structure of lithiophorite. The peculiar chem-
ical variance of the Perolas lithiophorite may be better explained by taking into 
accou nt the genetic mechanisms of the Mn oxides and the easy way in which 
topotactic transformations happens between "tunnel structures" and "layer struc-
tures of phyllomanganates" . 
Burns & Burns (1978) suggested a genetic mechanism in which the initial step is 
represented by the aqueous crystallization products of Mn2+ as groups of [Mn4+ 
0 6] octahedra, which in turn act as templates for tunnel development only if appro-
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priate ions such as Ba2+, K+, Na+, Ni2+, Cu2+, Zn2+ are present. The tunnel struc-
tures stabilized by water molecules may convert into smaller and more stable ones
in the presence of these accessory large radius ions. The possibility of topotactic
transformations must be also taken into consideration. By this mechanism an ini-
tial crystal structure converts into a new one by means of a solid state reaction.
These transformations may be partial or complete. For instance, Ostwald (1988)
proposed that the layering of the pisoliths of Groote Eylandt involves periodic
transformations from larger tunnels, containing Ba (romanechite), into dense chain
structures without barium (pyrolusite). Many other examples are reported by the
same Author for weathering zones, mainly in tropical areas, resulting from the
action of surface or subsurface water.
In the case of Perolas Cave, the flow regimen of the underground river, which is
characterized by sudden floods (carrying lot of organics into the karst from the
Atlantic forest) and long periods of base level (in which the interstitial waters of
the dried portions of the main gallery are in direct contact with the oxygen of the
cave atmosphere) seems to allow the best environmental conditions for the deposi-
tion of this mineral, all the elements of which are surely fairly common in the rock
and/or in the sediment of the catchment area of the Perolas-Santana karst system.
Final remarks
The present study, even if it only concerns a part of the Perolas-Santana karst sys-
tem, has detected at least two new cave minerals for this system, one of them (the
lithiophorite) being extremely rare and only known from a few caves in the world.
The presence of secondary illite must be confirmed by other studies even if it
seems reasonable that this mineral has develop secondarily in Perolas Cave due to
the favourable environmental conditions therein.
Thanks to these new findings, the Perolas-Santana karst system (even if not
exhaustively studied) is the most important natural cavity of Brazil from the min-
eralogical point of view, hosting at least I () different cave minerals (see Tab. I).
Moreover, the study performed on the lithiophorite evidenced the complex chemi-
cal behaviour of this mineral and demonstrated that only the chemical analyses of
crystals over a certain size, and not of aggregates of micron-sized crystallites, may
give reliable information on its chemical composition.
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IN MEMORIAM
MARIO BERTOLANI
(1915-2001)
On June IS, at the age of 85, Mario Bertolani died after a short illness. He was born
in Modena were took his master in Mineralogy "magna cum laude" in 1940, becom-
ing immediately Assistant Professor in the same University. After the PhD in 1948,
in 1976 he become full professor of mineralogy in the University of Modena until he
retired in 1991, even if his research inside the Department did not stopped until his
death. His outstanding contribute not only in the strict mineralogic-petrographic field
but also to the development of his Department was officially recognised in 2000
when the Ministry for the University nominated him honorary professor of the
University of Modena.
A relevant part of his scientific research was dedicated to speleology with very
important results, as testified by over 60 publication printed on this topic.
In 1940 Bertolani had is first trip into a cave, while serving the Army as artillery lieu-
tenant. Close its camp at the Yugoslavia border there was a very deep shaft and he
decided, alone and without any experience, to explore it. He started going down just
along a rope in which some knots were been done to make easier the descent: unfor-
tunately the rope was too short and, when Bertolani realised that it was impossible to
reach the bottom of the pit, he was too tired and cooled to come out. Luckily his
troops were able to rescue him even partially congealed and with several injuries,
which were disinfected with gasoline ....
It was a rather shocking experience which he was used to remind laughing at his
recklessness: anyway since that time he never stopped to go caving.
At the end of the second world war, together with his fiends of the "Gruppo
Speleologico Emiliano" and of the "Comitato Scientifico del CAl di Modena" start-
ed a systematic study of the karst phenomena in the triassic evaporites in the upper
Secchia Valley. The result of this research was printed in 1949 and represent the first
multidisciplinary study on a karst area carried out in Italy.
Bertolani organised and leaded important expeditions to different karst areas in Italy
(Abruzzo, Puglia, Toscana, Veneto ... ) and in other countries: the most important
being the exploration of the karst features around Copaide Lake, Greece carried out
from 1969 to 1975.
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At the beginning of the sixties he was the founder and the president of the
Commission for the Cave Inventory of the Emilia Romagna Region, later trans-
formed into the Speleological Federation but maintaining Bertolani as president until
recently. He resigned from this charge only when the Regional Government finally
promulgated a low in favour of speleology, which was written thanks to his funda-
mental contribute.
In 1965 he organised the VI Speleological Congress of Emilia Romagna Region,
which is still renown today because in that occasion the first basis were prepared for
the development of the Speleological Rescue Team.
In 1975 Bertolani organised in his Department the first scientific short course dedi-
cated to speleology: 25 cavers from all Italy attended that course. I am proud to say
that I was in that number and probably it is also thank to it if I decided to dedicate
all my research to speleology.
The success of this course was so high that in the following years many other simi-
lar activities have been and still are organised in all Italy.
In the last 10-15 years his caving activity was obviously drastically reduced but not
his interest and his work in favour of speleology: during these years he was the pres-
ident of the Scientific Committee of the Frasassi Cave and with his activity allowed
the development of several very important scientific projects inside that cave.
The hundreds of cavers who had the possibility to get in touch with him always
appreciated not only the well renown scientific knowledge but also and, let say above
all, his kindness and attitude to be always at your disposal.
I had the honour to be one of his fellow and, for more than 30 years, a friend.
Paolo Forti
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GEORGE N. HUPPERT (1945 - 2001)
Dr, George Huppert, Conservation Editor of the Journal of Cave and Karst Studies,
died on October 14, 2001 in a head-on car crash in the Roosevelt Lakes area near
Globe, Arizona while exploring prior to the National Karst and Cave Management
Symposium held in Tucson in mid-October. George was a prolific writer on cave and
karst conservation and management topics, and had spend many years of service to
the National Speleological Society (NSS), the NSS Cave Conservation and
Management Section (CCMS), the American Cave Conservation Association
(ACCA), the International Union of Speleology (UIS), and most of the National
Cave and Karst Management Symposia, He was 56 years of age at the time of his
death, and is survived by his wife Betty 1.Wheeler, one son, 3 nephews and 2 nieces,
In his life, George accumulated six university degrees in Geography, Geology and
related subjects, He read two or more newspapers daily, and several hundred books,
professional journals, and magazines per year. George was devoted to the study of
the earth and nature, with an insatiable thirst for knowledge. He wrote most of the
dissertations for his advanced degrees on cave related topics, including Papoose
Cave in Idaho and a Survey of Cave Conservation in America. He joined the
University of Wisconsin at La Crosse in 1979, and became Professor of Geography
and Earth Science, He was twice voted Chair of the Department of Geography and
Earth Science,
George's caving included trips to hundreds of caves (905 that he recorded) in many
parts of the U.S.; and to caves in Canada, Jamaica, San Salvador Island (Bahamas),
Cuba, England, France, Australia, China, Hong Kong, Hawaii, Hungary, Czech
Republic, Slovenia, and Brazil. He was particularly delighted to visit the "Kras" area
of Slovenia, which is the area first to be scientifically described ("type-section") well
over I00 years ago where solutional caves are found, and where groundwater
resources are fragile. (This work defined what is now known as a "karst" area,)
George was also honored to visit the famous Lascaux Cave in France, This famous
cave, with Paleolithic drawings and paintings of animals, is one of 16 sites named
together as the "Decorated Grottoes of the Vezere Valley" and is designated a United
Nations Educational, Scientific, and Cultural Organization (UNESCO) World
Heritage Site. The drawings and paintings in the cave are exceedingly fragile, and
therefore visitation is extremely restricted.
George spent thousands of hours volunteering in the NSS and other organizations,
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He was a founder and officer of the American Cave Conservation Association, and a
founder and President of the NSS Cave Conservation and Management Section. He
was at various times a Director of the Section, and was the coordinator for the NSS
Convention Conservation Session for many years. He was a Fellow of the NSS, and
was the 1996 recipient of the NSS Conservation Award, given each year to an indi-
vidual who, through specific actions, has demonstrated an outstanding dedication to
the cause of cave conservation. Ironically, George was a prime mover in convincing
the Conservation and Management Section to continue to present the old style NSS
Conservation Award to Internal Organizations after the NSS changed their award to
an Individual Award; George chaired the Section Awards Committee for many years.
At the time of his death, George was an Adjunct Secretary of the UIS Bureau, and
served for a time as the US Delegate to the UIS. Prior to 1996, he served on the
International Geographical Union Commission on Sustainable Development &
Management Of Karst Terrain.
George was a prolific writer on cave conservation and management topics. He
attended and presented papers at many of the National Cave Management Symposia,
on topics ranging from Underground Wilderness to Cave Laws to Show Cave
Owners Perceptions of the NSS. He was co-editor of the Proceedings for the 1987
meeting at Rapid City. At the time of his death, he was collaborating with Tom Lera
on a book on Cave Protection Laws.
There is no doubt that George will be sorely missed, not only by his family and
friends, but by the entire cave conservation community.
[A George Huppert Memoriam Page has been established on the NSS CCMS Web
Site at http://www.caves.org/section/ccms/huppert/]
Roh Stitt
(with inputs from Betty Wheeler, Arthur Clarke, and Abel Yale).
(Reprinted with permission from the Journal of Cave and Karst Studies, Yol 63, No
3, December 200 I, p. 106)
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VLADIMIR PANOS (1922 - 2002)
Vladimir Panos died on January 7, 2002 in the Olomouc Hospital (Czech Republic)
after a short but serious illness. Vladimfr was born on July 7, 1922 in city of Strazske
(eastern Slovakia; at that time a part of Czechoslovakia) to the family of railway offi-
cer. The closure of universities at the very beginning of the World War II during the
German occupation, did not allow him to begin a geographical education. This fact
initiated what was not an easy life. After a short period of military activity in Italy he
moved to Britain, where he entered theRoyal Air Force. He served as pilot and nav-
igator, and later on Liberator planes for the Canadian Royal Air Force. He was
awarded numerous war medals for extraordinary service. But military service was
not his only activity; and in his free time, he studied meteorology and climatology at
the University of Cambridge (Great Britain). He discovered a system of ice removal
from plane wings which was utilised in the air force. After the World War II he par-
ticipated in a Czechoslovakian military mission in Germany (Berlin and Hamburg)
and later as a teacher in a military pilot school in Olomouc. He also continued his
geographical education at the University of Olomouc. However in the early 1950s a
substantial change took place in the country's political system, and the Communist
system did not permit him to continue military service or attend university. He
entered a tourist co-operative as caver-explorer; and prof. Vitasek, a well known
Moravian geographer, arranged for him to continue his geology-geography educa-
tion, at the University of Bmo. Vladimfr graduated in 1952 and his thesis was:
Pleistocene Glaciers at Krizianka in Low Tatra Moumains, obtaining a RNDr.
Degree (Rerum Naturalium Doctor). In 1955 the Czechoslovakian Academy of
Sciences began to grow; and through the founding of the Laboratory of
Geomorphology, Prof. Vitasek opened the way again for Vladimir to continue his
research and development. The Laboratory later became the Institute of Geography,
where Vladimir defended his PhD theses: Sloup Valley and Pusty Glenn in the
Moravian karst and their position within the karst cycle in 1962. During the years
1964 to 1965, Vladimir was in Cuba performing geomorphological mapping. In 1969
he left the Academy of Sciences and located at Olomouc University in the
Department of Geography. There he was appointed Associated Professor in 1972,
after a successful period of work at the University of Brno. He taught at Olomouc
University for approximately ten years; and in 1987 he retired from the University
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and returned to the Institute of Geography in Brno where he worked until the
Institute's dissolution in 1995. The following years were spent partly with family and
partly working for the Centre for Children's Speleotherapy in Mladec. He also fin-
ished a long-term project, the publication: Karstological and Speleological
Terminology, which was released during the November 2001 international confer-
ence in northern Slovakia. This event was the last Vladimir attended in the caving
and scientific community.
It is sad to note that Vladimir's life was sometimes not pleasant. Nevertheless he
spent a life full of changes and fine possibilities. Some of possibilities were thwart-
ed by the War and later by inhuman Communist system. Scientifically, Vladimir's
early life was spent in the area of small, dispersed karst areas in the sedimentary and
metamorphic limestones of northern and north-central Moravia (Na Pomezi Caves,
Na Spicaku Caves, Mladec Caves, Javoricko Caves). Here he obtained principal
knowledge of karst geomorphology, hydrology, hydrogeology and speleogenesis. In
1959, when Javoricko Caves of Peace was discovered, he described the karst water
collector buried by Quaternaryrrertiary alluvial fill in the broader vicinity of Mladec
Caves. The collector, the principal source of drinking water for more than a quarter-
of-a-million of inhabitants, was described in Mitrelwzgen d. Osterreichischen
Geographisclzen Gesselschaft in 1961 (Vol. 103, No. II). The late 1950s and early
1960s were producti ve years for Vladimir growth. He participated in a project to
complete regional geological mapping, which resulted in 1963, in the release of new
geological maps of Czechoslovakia at the scale of I:200,000. The geomorphological
research and mapping of extensive areas in northern and north-central Moravia were
carried out or guided by Vladimir. Numerous articles, especially concerning
periglacial phenomena, the weathering forms of rocks, geomorphic evolution, and
karst resulted from this substantial experience. At that time he concentrated also on
investigation of thermomineral karst and caves in Moravia (Zbrasov Aragonite
Caves) and in Budapest (Hungary). The results were published in a volume of Prace
Brnenske zakladny CSAV in 1961 (Vol. XXXIIII7, No. 420). At the end of the 1950s,
his interest shifted to the classical karst area of Czechoslovakia - to the Moravian
Karst. In an excellent PhD. thesis he reconstructed the evolution of the territory since
pre-Jurassic time, focusing on Tertiary/Quaternary development (published in
Ceskoslovensky kras, 1963, Vol. (4). His speleogenetical theory is still valid, even
after forty years and much recent researches utilising present methodology. During
1962 to 1964 he published several articles dealing with paleokarst, especially on the
eastern margins and slopes of the Bohemian Massif (There were principally two
papers in Geograflcky casopis Bratislava, Vol. 14, 1962 and Z. Geomorphologie.
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N.F., 1964, Vol. 8, No.2) that established the paleokarstology as a separate scientif-
ic discipline. The problems of paleokarst, especially in the Central European region,
were his favourite area of study. The field work in Cuban karst areas (1964-1965)
resulted in the compilation of specialised geomorphological maps of Cuba (in col-
laboration with Antonio Nunez Jimenez and Otakar Stelcl). The work at Cuba con-
tributed considerably to his knowledge of karst processes, structure and climate, and
the influence of lithology .. His contributions to climate/karst type relationship in
Cuba (with O. Stelcl and A.N. Jimenez) resulted in the information that climate is
only one factor (besides lithology, tectonics, etc.) influencing the karst type. This was
a substantial argument against the "Klimageomorphologie" concept, which was pop-
ular at that time. After 1987, he focused on a complete different field of science:
speleotherapy. He initiated detailed and complex studies of cave atmosphere,
aerosols and medical applications. He formed a team of specialists from various
branches of the natural and medical sciences; and its activities resulted in a EU pro-
ject within the PHARE programme in 1992-1994. He published approximately 400
papers in reviewed scientific journals, some of them in a prestigeous media
(Zeitschrift fUr Geomorphologie, Petermanns Geographische Mitteilungen) and in
the proceedings of important geographical and speleological congresses and confer-
ences. He was the editor of Proceedings of the 6th International Speleological
Congress 1973, published in numerous volumes until 1977.
Vladimir entered into the world karstological and speleological scene in 1962, when
he was one of principal organisers of the International Karst Symposium in Brno. In
1965, as a member of the Czechoslovak delegation at the 4th International Congress
of Speleology in Ljubljana (in what was previously Yugoslavia) he contributed sub-
stantially to the founding of an international non-governmental organisation: the
International Union of Speleology (DIS), which for a log period was affiliated with
UNESCO. In 1969, he was elected as a member of the UIS Bureau (Stuttgart,
Germany) responsible for the organisation of the 6th International Congress of
Speleology in Olomouc. This very successful Congress was held in 1973, attended
by more than 1,000 participants. He was elected Vice-President of the UIS and he
served in this position for three election periods until 1989, when he was elected
Honorary Bureau Member. On the national scene, Vladimir pushed the unification of
the Czech and Moravian caving, blending individual and independent caving clubs
into one society. The Czech Speleological Society was found on December 12, 1978;
and Vladimir was elected President. In 1990 he retired from the position, and was
elected to the highly influential position of Honorary President. Vladimir was also an
honorary member of the Venezuelan, Cuban and Hungarian Speleological Societies.
162
Doc. RNDr. Vladimir Panos, esc. (Associate Professor, PhD) was not only good fel-
low, a careful teacher and excellent scientist, but he was a good friend who was pre-
pared to address any problem (personal or scientific) at any time. This approach
resulted from his complex and full, but not easy, life.
While Air Major General Panos has left us physically; he will endure in our lives and
minds because he was a truly great Man.
Pavel Bosak
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PHILIPPE RENAULT (1925 - 1999)
Carriere
A beaucoup de points de vue, I'oeuvre scientifique de Philippe RENAULT se disso-
cie mal de son oeuvre didactique : Diffuser la connaissance, enseigner, fut a I'evi-
dence un de ses soucis constants; meme s'il convient d'etre bref ace sujet dans une
revue internationale.
_ II fut Ie directeur des «Annales de Speleologie » (dont Ie « Karstologia » actuel est
en quelque sorte l'heritier) en 1958-1959, et de Spelunca de 1972 a 1974. On sait
com bien de telles charges supposent de travaux scientifiques et documentaires
annexes. Le lexique des termes speleologiques dialectaux fran<;ais (1959), Ie
Spelunca « special speleometrie» qu'il fit paraitre en 1972, ses analyses de romans
speleologiques temoignent de son ec1ectisme.
_ Enseignant en geologie, il fut aussi l'un des piliers de l'Ecole Fran<;aise de
Speleologie, des 1959 et jusqu'en 1985.
En regard, ses responsabilites dans les organisations nationales et internationales
furent relativement minces:
_ Conseiller scientifique du Centre National de Speleologie des Scouts de France
(1948).
_ Membre du Comite d'organisation du 10 Congres international de speleologie
(Paris 1953).
_Membre du Conseil de la Societe Speleologique de France (1961-1963), puis de la
Federation Fran<;aise de Speleologie (1963-1969), et Vice-President FFS (1967-
1969).
_ President de la Commission internationale (U.I.S.) de Normalisation, de la
Terminologie et des Signes conventionnels en speleologie 1953-1963.
De 1950 a 1958, il se trouve au Laboratoire de geologie de Lille ; puis, de 1959 a
1970, au Laboratoire sou terrain de Moulis ; enfin, de 1972 a la retraite, au
Departement des sciences de la terre de Lyon.
On recense plus de 250 publications, pour I'essentiel dans des revues fran<;aises (on
trouvera une bibliographie de ceux de ses travaux qu'i! considerait comme les plus
importants dans Ie « Karstologia 37).
Travaux innovants
Des 1953, a la suite de nombreux sejours au Sahara nigerien, RENAULT decrit des
grottes dans Ie gres, en les considerant comme karstiques puisqu'il y a dissolution.
Son premier travail d'importance est la serie de notes qui parait de 1957 a 1961 dans
les Annales de Speleologie, consacrees ace qu'il nomme ajuste titre la« speleo-mor-
phologie » : Y sont etudiees diverses formes de creusement en grotte et leur genese.
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II participe, avec Bernard GEZE a I'etude des concretions de la grotte de Moulis
(Ariege) en 1955, et a la premiere description d'aragonite dans une grotte fran~aise.
En 1972, il est Ie premier a decrire I'aragonite massive.
En 1958, avec Victor CAUMARTIN, il s'interesse a la corrosion bio-chimique des
parois de cavernes et a la genese du mond-milch.
Dans un Compte Rendu a l'Academie des Sciences de 1959, RENAULT donne un
sens karstique a I'expression "reseau de fentes", depuis longtemps utilisee par les
biologistes. Dans un autre, il vulgarise la notion de double circulation dans Ie karst,
separement dans Ie reseau de fentes et dans Ie reseau de conduits (tout en notant que
d'autres chercheurs en avaient eu precedemment une conception partielle) ; cette
notion est desormais consideree comme c1assique dans les travaux d'hydrogeologie
du karst.
A Varenna, en 1960, RENAULT traite de I'application des methodes sedimen-
tologiques aux sediments de grottes. C'est alors qu'il commence a faire la distinction
entre creusement « syngenetique » et « paragenetique » (1969). Meme si, ety-
mologiquement, ces termes justifient des reserves, c'est la premiere mention d'un
creusement ascendant, desormais reconnu comme un phenomene frequent.
En 1966, il presente sa these a Dijon, qui sera publiee dans les Annales de
Speleologie de 1967 a 1969. Cette these est certainement son oeuvre majeure. Elle
se situe dans un contexte bien particulier, reconnu par RENAULT lui-meme, et que
I' on peut appeler la « rupture de 1970 » :
- Autour de cette annee se produit en effet une revolution des techniques de progres-
sion souterraine, la montee au jumar se substituant a I'echelle, tandis que I'explo-
ration en scaphandre cesse d'etre une activite totalement suicidaire.
- Simultanement, premiere these d'un geologue sur Ie karst fran~ais, celie de
RENAULT, « Les actions mecaniques et sedimentologiques dans la speleogenese »,
est I'un des travaux novateurs etant partis des facteurs geologiques et geographiques
pour expliquer la formation du karst.
Dans cette these, RENAULT applique la mecanique des roches au relief karstique. II
developpe donc la notion de contrainte, Ie role de la detente resultant du vide kars-
tique ; il invente la notion de distance au versant. Fait interessant, il reserve, a peu
pres Ie premier, un chapitre a la salle, consideree comme une forme a part entiere.
Cette these developpe par ailleurs Ie role du remplissage sur Ie creusement. Par rap-
port aux idees anterieures, c'est un ensemble d'avancees considerables.
De 1963 a 1971, avec Pierre SAUMANDE, RENAULT fait des series de mesures de
la radioactivite des sediments et des eaux du karst profond. lis constatent que leurs
resultats sont provisoirement difficilement exploitables compte tenu du « caractere
sommaire des theories speleogenetiques c1assiques ». Compte tenu de I' epoque, cette
phrase apparait prophetique.
En 1968, RENAULT debute dans I'etude du CO2 de I'air des les grottes. II constate
que la pC02 est fonction des mouvements de I'air, des variations barometriques ;
qu'elle est donc, en correlation avec les autres parametres climatiques (temperature,
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humidite) un indicateur des equilibres geochimiques des atmospheres souterraines.
Vers la fin de sa carriere, tres interesse par la philosophie des sciences, ses principales
publications speleologiques concement l'histoire des idees fran~aises sur la genese
des grottes.
Homme de terrain, de chaire et de bureau, Philippe RENAULT etait celui des soli des
amities. II n'etait ni l'homme des antichambres, ce qui ne lui a pas permis une car-
riere brill ante, ni celui des congres. En dehors de ses sejours en Afrique, il n'a que
peu voyage hors de France. Et n'ayant publie qu'en France, ses travaux n'ont pas eu
Ie retentissement international qu'ils meritaient.
Jacques Choppy
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